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In this Issue 

Most HP test and measurement products are deve toped to satisfy the needs of a 
refatively wide range of applications. In contrast, the motivation for the develop- 
ment of the HP HD2000data acquisition system [page 6) came from the highly 
specific needs of customers engaged in turbine and piston engine testing. The 
bulk of HP HD2000 measurements are made on analog inputs, 90% of them rep- 
resenting temperatures and pressures. The two main modules of the system are 
a 64-channei scanning analog-to-digital converter (ADC) and a pressure scan- 
ning ADC. The 64-chann8! scanning ADC design was a challenge because 64 
channels of user-configurable signal conditioning circuitry had to fit on a single 
VXIbus C-size module, basically one large printed circuit board. The solution, as 
revealed in the article on page 9, is a set of plug-on signal conditioning boards that ride on the main board. 
Discussions of the ADC function, a special algorithm for converting voltages to temperatures and pres- 
sures, the module's built-in setf-test and calibration, and the production test strategy can be found in the 
articles on pages 16, 21, 25, and 30, respectively. The design of the pressure scanning ADC is the subject 
of the article on page 35. Because HP had no expertise in pressure measurements, the design was done 
in partnership with a company experienced in that field. 

Pressed by the need to reduce costs and increase functionality, systems designers use advanced 

integrated circuit technologies to create large-scale integrated (LSI) circuits that perform a multitude of 
analog and digital functions and have extremely high pin counts. LSI test system designers, forced to 
keep a step ahead, use the same strategy. Two custom ICs give the HP 9493 mixed-signal LSI test system 
higher pin-count capability and more functionality than its predecessors without increasing its space 
requirements. One IC provides all of the pin electronics for a single pin of an IC undertest. Cailed PBOC, 
for pin board on a chip, it contains a high-speed digital driver, an active load, a window comparator, a 
parametric tester for setting a voltage and measuring current, and control circuitry. It's the subject of the 
article on page 42, The second custom IC, described in the article on page 51, contains delay and format- 
ting circuitry for the timing vector generators that generate and capture digital waveforms at the digital 
pins of the IC under test Unusuat because ifs implemented in CMOS rather than the more conventional, 
higher-cost, higher-power-consumption bipolar ECL, this IC provides timing resolution of 62.5 picoseconds. 
The HP 9493's processing power is distributed throughout its subsystems in the form of precisely synchro- 
nized digital signal processing modules. As explained in the article on page 59, this architecture offers 
faster operation, better test coverage, and lower memory requirements, it also opens up a new range of 
applications in the area of complex signal analysis. The article on page 64 tells how the HP 9493 system 
can be used to measure vector error, an important parameter in modern telecommunications systems 
that use differential quadrature phase shift keying modulation. 

You can use a vector network analyser to measure impedances at radio frequencies (RF) if the imped- 
ance is near 50 ohms, the most common impedance in systems operating at these frequencies. However, 
passive chip components and other passive surface mount devices often have very small inductances 
and capacitances and their impedances at RF can be much greater or much less than 50 ohms. The HP 
4291 A RF impedance analyser Ipage B7J is designed to measure the impedances of passive surface mount 
devices over a frequency range of one megahertz to 1.8 gigahertz. A current-voltage measurement tech- 
nique, special built-in calibration and compensation routines, and custom test fixtures provide accurate 
measurements over a wide impedance range, 

A frequent cause of semiconductor device death is electrical overstress (EDS). EOS can take many 
forms, including electrostatic discharge (BSD), electromagnetic pulses, system transients, and lightning. 
The article on page 106 describes an EOS test system that is being used in the development of CMOS 
processes with built-in ESD and EOS robustness. The test system subjects devices to constant-current 
pulses. EOS phenomena are characterized by high levels of heat and electric fields and cause failures 
that can be categorized as either thermally induced or electric field induced, respectively. For thermally 
induced failures, failure thresholds for any stress waveform can theoretically be derived from the 
constant-current pulse stress thresholds, 



Ck'Cob^r 1S94 Hewkfl-Packard Journal 

©Copr. 1949-1998 Hewlett-Packard Co. 



As Martin Dubuc tells us in The article on page 83, "The frame re Jay protocol is a data transfer protocol 
defined t>y the Ameriaan National Standards Institiite (ANSI) and ttie Intemational Telecommunicaiions 
Uriion (110). h is similar to the ISDN (lnte§raied Services Digital Network) standard byt it assumes a rdl- 
able transmission medium and therefore contams very Nttle error recovery functionaOty. As a resutt, rt is 
more straightfon/vard and data transfer is more efffcient" With any standard there is a need for confor- 
mance testing to make sure that any manufacturers products comply with the standard. Abstract freme 
refay conformanQe tests are developed by the Frame Relay Users Forum. These must be convertett to 
executable test suites that will run on s specific test platform such as a protocol analyser. The article dis- 
cusses the conversion of abstract test suites to executable test suites for the HP PT502 protocol analyzer 
using a specially developed translator that automates what was previously a repetitive and error-prone 
process. 

The Fiber Distributed Data Interface (FDDI) networking standard can be considered a descendant of 
earfier technologies such as Ethernet and token-ring, FDDI networks offer high-speed data transfer and 
fault-tolerant dual-ring topology, but can be difficult to troubleshoot because in the event of a fault the 
ring may simply alter its topology and keep operating so the fault is not immediately apparent A great 
deal of information is available in an FODi network for troubleshooting faults and other problems such as 
interoperability issues between products from different manufacturers, but it can be time-consuming or 
inconvenient to access that information. The FDDI Ring Manager, an application for the HP Network 
Advisor protocol analyzer, is designed to sift through mountains of FDDI network information and present 
therelevantfacts tothe user in a logically ordered display (see page 881 The core of the application is the 
ring mapper module (page 97}, which provides the user with logical and physical maps of the network. 
The maps serve as a framework for gathering and maintaining connection, configuration, operational, 
and historical information for the devices on the ring. The ring mapper uses sophisticated algorithms that 
are designed to handle many typical difficult-to-analyze situations. 

For network users, a high quality of service means a low error rate and high uptime. For network operators, 
this means continuously monitoring the network's performance, switching to backup links when necessary, 
and fixing problems quickly, The challenge is to maintain quality while keeping maintenance costs down, 
which means keeping the maintenance staff as small as possible and minimizing travel to remote sites. 
To help network operators meet these conflicting requirements, network performance analyzers made 
by MPs Queansferry Telecommunications Operation are now available with virtual remote capability (see 
page 751. From a single central office, maintenance personnel can use an HP workstation or PC to control 
several remote instruments stmultaneously, using a mouse. Accurate representations of the instruments* 
front panels on the PC or workstation display instantly reflect what the remote instruments are doing. 
The virtual remote software is completely generic, getting all of its instrument-specific information (rom 
the remote instruments themselves. 

R.P. Dolan 
Editor 



Cover 

The HP EU13 scanning ADC VXIbus module with two of its signal conditioning plug-ons removed and 
one of its application areas [jet engine test) shown in the background. 



What's AJiead 

The December issue will feature the design of the HP C1533A DDS-2 digital audio tape drive and the HP 
Ct553A DOS autochanger. There will also be a research report on modeling the manufacturing enterprise, 
a tutorial article on wavelet analysis, and articles on clock design and measurement in Pentium"-' systems, 
distributed debugging, calcolatmg the value of early defect detection efforts for software projects^ and 
reducing the time to create test vectors for testing ICs and printed circuit boards. 

Pentium is a u.S. trademark of ini&l Corporation. 
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Customer-Driven Development of a 
New High-Performance Data 
Acquisition System 

The HP HD2000 data acquisition system provides C-size VXIbus modules 
that are tailored to provide fast and accurate acquisition of temperature, 
pressure, strain, volts, and resistance data for turbine and piston engine 
testing applications. 

by Von C, CampbeU 



Products from the past like the HP 2250 measurement and 
conti-oJ proeessor and rurreni proditcts like the HP 3852 
measiuemeriiy control insininients have given HF* a reputa- 
tion for excellent measurement integrity and throughput. 
However^ within the turbine and piston engine test mai'kets 
we foimd certain groups who stated that our measurenient 
prod nets ** almost, tjut not quite" did tlieir jtib. Ob\iously 
there was something in these applications that these prud- 
ucts could not do. Wiat was missing? Only customers could 
tell us. 

We undertook an effort to find and talk to turbine and piston 
engine test customers so that we could understand their 
applications and the problems they were facing with exist- 
ing products. Tliese discussions were d<jne in Uie language 
of tiie customer, which required sottie vocabulary develop- 
ment on our part. After undei-standing these first applica- 
tions, w^e widened om^ scope to include as many customers 
as possible, CK^er 100 customer visits were conducted, in- 
cluding vinualty every tiu^bine engine manufacturer and 
larger piston engit^e rnaindacturers worldwide, many being 
visited more than once, 

A very clear picture of these applications emerged. Li tur- 
bine testing for example, we discovered three use models 
with similar but distinct jueasurement needs. The Oi'st 
model was found in engine design and de\elopmeni. In this 
model large amomits of data (up to thousands of test points 
per engine) are collected for analysis of the thennod>mamir 
perfonnjince of tlie engijie and for verification of the sinnila- 
tion mtidels used in development. Tlie second use model 
was found in production test of a fimshed engine innnedi- 
ately after manufacture. Here a smaller test system is used 
to verify proper engine operation. Finally, the last iLse model 
was found in the overhaul and repair of an er\gine- In this 
model an even smaUer set of data is collected to determine 
if the engine is performing well enough to be returned to 
service. 

Some common threads ran through all the applications. 
Accuracy was one of these connnon features. TemperatuiT 
measurements to better than 0.25 'C and pressure measure- 
ments to 0.05% are required to verifj^ the efficiency of an 



engine. Engine efficiency is especially important to manu- 
taeturers who guarantee fuel c'onsumiition rate.s to tiieir 
airline cusromeiis. Another important factor is the require- 
ment til at the test system be capable of being scaled to ac- 
commodate from about 100 to over 2000 measurement 
points for different sized test systems. Continuous high- 
speed acquisition, in which data is recorded for long periods 
without interrui>tion, is also an imp<.)itant factoi\ Measure- 
ment rates of up to 1000 liz per chaxmel on different seiisor 
types allow a better uiiderstiutding of the static and i ran- 
sient beliavior of the engine, but the aggregate throughput of 
such large, fast systems is a significant challenge. Older 
measurement systems used n\any independent instnunents 
to record Uie volume and variety of data taken during a test. 
After tlie test, all the various data records had to be com- 
bined to form a single integrated picture of test results. To 
overcome tliis problem of data integration it is imperative 
fhaf all data be measured and recorded deterministically. 

One common need that goes beyond the acquisition system 
is tlie industrj^-v^ide pressure on test departments to be more 
productive. The desire to reduce test litnes ainl die resources 
needed to instalL develop, and operate a test system is uni- 
versal. In some areas, there w^as a strong desire to have a 
third paily^ develop and install the test system so that the 
orgmiization could concentrate on testing. This infonnation 
ieti to OUT gettuig in touch witli Llie leading systems mtegra- 
tors to understand how we could help them solve their 
cus tomers ' probl e n is. 

After developing a clear picture of user needs and re\iewing 
past implementations, we came to the conclusion that al- 
though individual measinement ret|imements were being met 
with existuig pruducts, system retjuiiements Uke those men- 
tioned above wert^ not i>eingmet. From diis conclusion, the 
HP Hl>20tJ0 VXlb US-based data acquisition system was bom 
(see Fig, 1). 

VXIbus technology^ has the right capabilities to meet the 
system issues we encountered during oiu customer analysis. 
The VXIbus architecture allrn'^ s us to integrate mixed mea- 
surements from nuiltiple sources onto one computer has, 
allowing high speed and determinism in data sampling. Since 
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Fig, L Tho HP HOSOOO data ac- 

i.ty]srni:iii system showing Ihe HP 
K1413 aiidHP E1414 modiilcfs. 



VXIbiis is an open standard we can include non-HP products 
tJiat offer specillc funetioriH like IRIG B time stamping, MIL 
STD 155C3, antl AlilNC' 420 ronunutiifations instrinnenls inl.f> 
our system. These products help meet overall systems re- 
quirements wkhout requiring large additianaJ development 
time ajid cost. 

The Measurement Modules 

Tlie bulk of ihe HP HD20()(^ system measurements come in 
the fonn of anak>s input, witli ineasurements of temperature 
and pressiu-e making ii|> ahoiH ^MYVn or the volume of data. To 
meet these needs the MP K1411 tH-rhajmel scaiming anidog- 
to-digital converter and the HP 1414 pressure scanning ana- 
log-to-digita] converter were tieveloped. Tliese converters 
are designed to maxirni^se measurement accuracy, through- 
put, determinism, Hexibility, ;ind density while mininiizing 
computer resource use, program development time, and 
cost. These modules are the first two modules of the IIP 
HD2000 datii acquisition .system. 

The single-slot HP E 1413 combines a highly accurate lOQ- 
kH:^. 16-hit, autoranginj^ analog-to-digitaJ converter witli 64 
chaiutels of a lugh-si)et?d mull iplexer and eight baidcs of 
front-end signal conditioning plug-ons (stich as amplifiers 
and low-pass filters) aufl has jm internal calibration source 
for pud-to-enfl f altlirathJit (hiin and offset errors for every 
cliaxmel, incluciing sigrial roiulit inning, can be removed 
through the automatic calibration process, mtuiimizing mea- 
surement acciuacy. An onboard digital signal processor 



(DSP) controls the card's basic operation, including se- 
quencing of multiple channel scjm lists, real-time limit 
c lieckingj conversion of tlata to engineering units, and con- 
%^ersion into a computer-ready, 32-bit fioating-point numben 
The.se numbers are output into a 66/HJ(}-reading FIFO buffer 
an(i a cunent vtdue table, which allows mstant access to tJie 
most recent reailing on any channel These h^afures miiu- 
mize the amount of irneractitsn the c;ud needs to have witii 
the host computer and the amount of work it has to do to 
make the data interpretable. This tightiy coupled architect 
rure maximizes tluoughpnt wtiile minimizuig llie need for 
external computer resources. Fig. 2 shows a block diagram 
oftheHPETiia 

In pressure measurement systems, which typically have a 
large number of test points, we foimd tiiat electronic pres- 
sure scanning technology Is the measurement technoIog>^ of 
choice. The recognized leader in this techiu^logy is Pressure 
Sy.stems Inc. (PSl) ui Hampton, Virginia. As a continuation 
of our focus on user needs, we developed a partnership with 
PSI to develop a pressure scanning anaJog-to-digital con- 
verter. Tins product^ the IIP £1414^ has all tJie features of 
the HP E14i:J Imt is desij^ned to interconned arut operate 
witli PSI's electronic pressure sensoi-s and pressure cahbra- 
toFs. Tlie IIP B 14 14 tirings the sajue level of measurement 
performance and througliput to pressure measurements as 
the IIP EI413 does for tlie other analog measurements. Il 
also integrates Ihe deterndnistic measurements of boUi 
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Fig. 2. A t)lnck diagiani of the HP E14I3 G4-(jlituLJiel scaimiiig aiialog-to-digital rjonvr^rten 



temperature and pressure into one conimon system on f he 
VlGbus baclqilane. 

The HP El 413 is described m detail m tJie articles on pages 
9, 16, 2L 25, anci :30. The IIP E1414 is covered m the aiticle 
on page 35. 

To heip niiininize customers' devclopnient time for the ae- 
quisitjoii software, iill Ihe products in the IIP HD2000 family 
have drivers that maxhnize their commonality and perfor- 
mance. These drivers allow the instnunents Lo be controlled 
using the Standaid Commands for Programmable Instni- 
nieniation (SCPI) hmguage.-^ This open standaixl language 
lias a programming syntax that is easy to read and ujider- 
stand, and U lias a high level of t-onmionality between many 
different instruments. This minimizes programmkig time 
and eiiiiances sup})oitabiliiy. To meet our user's' needs for 
high throughput, a C laiigoage preprocessor was developed 
to process the standard SCPI conunands into a format that, 
along \\^th the driver code, can be compiled into high-speed, 
nin-time code. Tliis compiled SC'PI (C-SCPl) gives the j.iro- 
grajiuner the ease of programming in a high-level language 
and the execution speed of assembly code. 

Conclusion 

The HP HD200n system began ^\ ith imderstanriing the users' 
needs ftom the perspecdv e of theu' whole system. This under- 
standing led us to choose the VXlbus architecture, whicii 



provides the high throughput, tight couplmg, and mixed- 
measurement capabilities our customers need. Understiuitling 
customer needs focused our developmerU efforts on products 
hke tlie HP EI413 and HP E1414 and guided our softwaie 
i:mplcmentation to maximize perfonnance without increas- 
ing devclopuienl time. Finally, a clear idea of customer 
needs enablefl us lo avoid making euhaucements to the 
products that were considered irrelevant to our customers, 
Tliese enhancemeuts frequently add cost and time to devel- 
opment and complexity and confusion to the end user. We 
let the customer tell us what was needed. 
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A Compact and Flexible Signal 
Conditioning System for Data 
Acquisition 

Because turbine test setups can have up to 1 000 test points, special 
demands are placed on a data acquisition system that must fit a large 
number of measurement channels into a C-size VXlbus modufe. 

by John M* da Cunha 



Tlie HP Model HD2000 data acquisition system is targeted 
for customers m the tm'biiie test market. TMs maiket re- 
quires a variety' of signaJ conditioning capabilities to make 
accurate measm*ements during turbine tests. Special needs 
include low cost i)er measurement point, high density, flexi- 
liility, and high performance. To take athantage of the HP 
HD2000 system s hlgii common-rttotle rejection ajialog-!o- 
digirai f oiivener (ADC), analog signal conditioning has to be 
fully differential. The variety of functions needed and con- 
straints on cost, density, and the need for liigh performance 
presented finite a design challenge. 

Castomer Needs in lYirbine Test 

Turbine test customers use data acquisition systems to cliar- 
aclerize, refine, and verify designs of new jet engines and to 
ensme tliat engines are peifonning to speciJlcation after 
overhaul or repair. A topical tinbine test system consists of 
from 100 to 1000 measurement pouits taking data about en- 
gine temperatuj es, fuel consumpl ion. 1 hnist, pressures, and 
other itenis. Data gathered is displayed on txml rol consoles 
wht*re technicians nmnmg the tests can mtjnitor the prog- 
ress of the test. Data is also sent to disk for storage and later 
analysis. BtK^ause there are so matiy points in a tji>ical test 
system, the cost of ii^stalling au<l luainimniirg each point is 
higli. Thus, low cos! per point is vety desirable. 

Because of tiie high measurenient point count, customers 
desire that as many chaiuiels be possible be put in a single 
C-size VXIljiLs module. Therefore, we liad to create a design 
thai 0ts 64 cliaimels of signal conditioning into a single CVsize 
module along with the ADC and the VXfbus back|:jlane inter- 
face. The HP HD2000S ADC also has full differential inputs 
with greater tlian llO-dB common-mode rejection. Tlie den- 
sity, cost, and full differential inputs rt^quire that signal 
conditioning circuits be small, inexpensive, and have very 
higli conmion-mode rejection. 

The fomi factor chosen for these signal conditioning circuits 
uses a plug-oj\ mofhile for eacli grf)up of eight chmmels. 
Since tlie HP HD2000 has 64 cluumels total, tJiis memis that 
each singlf-widtli C-size module contains up to eight plug -tjn 
signal conditioning circuits with eight clianneLs each (see 
Fig. 1). Tliese boai'ds are called signal cuntiitioning plug-ons, 



or SCPs. Pitting eight SCPs into a single C-size slot meant 
that we had to create a design in which each SCP could only 
be 2.00 in by 4.075 ht witii L5 square inches of usable circuit 
area for each channel. Even using surface mount teclinologj; 
liiese consti^aints proved very challenging for the liigher- 
functionality SCPs. 

Required Functions 

The essential signal conditioning fimctions required by 
turbine test customers include the ability to: 

• Pass a signal straight to the anal og-to- digital converter 

• Provide low-frequency, low-pass filtertng 

• Provide programmable gain and filtering for lower-noise 
measui'enients on thennoconples 

• Provide temperature nuMsiirementis with thenttistors and 
resist i ve tern pe rature d e \ I ci^ s 

• Measure strain gatiges. 

The signal cojuhtioning plug-ons (SCPs} in the HP Model 
HD2000 pro\idi* these* l>asic futnctions. 

Straight-Through SCR The simplest function required of iin 
SCP is H) pass tJ^e input directly tlnough to the multiplexer 
and fuiaiog-to-<ligital converter. We call tins the straight- 
through SCP. Tlie straight-through SCP has atlditional func- 
tionality. Customers want a way to detecU im apvn traiis- 
ducer c*onnection as well as an overvoltage condition. These 
functions are provided with simple yet effective circuits that 
>ield very good overall results. 

Open transducer detection is provided l>y a very hu'ge- value 
resistor (100 MQ) which can be switched to the pusiLive and 
negative supjilies (see fig. 2). The resistor provides a ver>^ 
small CLirrent that chaiges the input capacitance to the point 
where ai^ overvoltage ermr or nonsensical readuig will occur, 
therel>y notifying the operator that there is something amiss 
with tile tratisducer. Nonually, open Dansducer detection is 
only switched on fluring calibration or system venfication, 
Tlie small amount of ^Mtrjent will cause a sliglu degradatiau 
of measurement accuracy if used during a data gatliering 
run. While it can be turned on during a data niii with no 
other ill effects, such a practice is not reconniiend*Hl 
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Fig. 1. An HP R14i:'i modi]le uith 
Lhe (■(jver off showing the eiftht 
(I wo are removed) signal condi- 

lioning piug-ons. Each pltig-on 
hatj eigiil fJiaimels. 
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Fig, 3* Open t raits duoi?r detect, ESD, and overvoltage protect on 
circtilt. 



Overvoltage protection and ESD (electrostatic discharge) 
protection are combined into the same circuit for reduced 
hoard space anfi simpler eirciiilr>' Judicious p^irts placement 
helped the functionaJity of ilie circuits a great deal. The ESI) 
circuit consists of a Zener bias diode with Ity bias resistor 
and a large tantalum electrolytic capacitor placed near the 
ESD ground on tlie input connector. This provides bias for 
the diodes that dump static ESD current into the capacitors 
when the input voltage exceeds ±16,7 volts. ESD cinrrent is 
limiteti to a manageable vidiie by the physiciiilly laige, 
1-watt, loOohm resistors in series with the diodes. Overv^ol- 
lage protection is provi*:ied by monitoring the current 
tlirougli the Zener flifide with a transistor If surileieut cur- 
rent is dumped (htt>iigh t It e Zener diode, the transistor turns 
on, sending an interntpt to tlie digital signal processor 
(DSP). The DSP will then open jitrotection relays provided 
on the main board to protect tlie SCP. the multiplexer, and 
the ADC. The over\^oltage protection feature can also be 
overridden. Custonters override the proteclion when the 
cost of stopping the test is more expensive than tlie mea- 
smement system. A fuse resistor is pro\1ded to pi'otect the 
DSP from problems caused by very^ high oveivoltages wlien 
tlte protection featm^e is oveiriddpn. The DSi* Input is pro- 
tected by a pair of Schottky diodes that cimnp the inpttt. The 
fuse resistor \vi\\ open if damage occurs to die input circuits 
that could put excessive voltage on the DSP input. 

Each SCP looks like a memory address segnien! to the DSP, 
Tltis memoiy adchess segment is called the digital interface 
address space (see Fig, 3). This address space is divided into 
two partes on each SCR One pait. called the module space, 
consists of 64 registers per SCP tiiat are dedicated to ad- 
dressing functions common to an entire SCP such as the 
plug-on identifier imd senile registers, Tlie other pai1 of tJtp 
address space, which Is called the cliarmel space, consists uf 
64 registers configured as eiglit registers per SCP chaimef 
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Fig. 3. Digital iJiterEace adflri?ss space. 

This address space is used to address functions unique to 
each of the eight SCP channels such as channel gain and 
fiUcr si^ltlng. 

Fixed Filter SCF A second fimction required for turbine test is 
low-frequency, low-pass filtering. Many of the signals frotn 
tlie enghie under test represent temperatures measured with 
theniiocouples. Signal voltagt's are in the inillivcjii latigeand 
Ruiijcti ti> high-fret|ueticy noise. Low-pass filters with cutoff 
frequencies of 10 I Iz or below are requiied. 

The HP EI41S has only one ADC. Thus, many SCP channels 
are scanned aiui multiplexed to the ADC (see Fig. 2 on page 
8), With Uus setup chcinnel-to-cliannel chm:g(^ ii\jecnion tJxrf>ug)i 
the tmilrijjiexer causes errors during last scanuing with pas- 
sive k>w-|>ass filters because the low-pass capacitors hold 
tiie cliarge and cannot ilissipate Ihe error charge except 
through the sotu-ce and low-pass resistors. For example, if 
channel 1 cjn some SCP is holding 6 vf>lLs and channel 1 1 on 
the san\e SCP has -15 %'oUs. tliere is a 21-\'f>lt s\\^ig when 
scajuriug frojn channel 10 to t^haiuiel 11, wluc*h cc:>uJd cause 
an errf*r during a fast. sc*an. These erroi's makf* it necessary 
to reduce tlie scanning speed to achieve tlie required accu- 
racy Tl>e solution is to buffer the low*pass filler components 
with an amplifier to absorb the charge iryection (see Fig. 4). 

As previously stated, very high common-mode rejection 
must filso be preserv^ed in the diffeiential signal |)alh. While 
It is very desirable to have a sharf) ciUoff for thc^ fdter, theie 
are no practical circtiits that can provide a sharj> cutoff with 
an RC [ype of filter and still j)roduce KXJ dB of conunon- 
mode rejection, Tlie conipnjmise solution is to use a two-pole 



passive RC filter in front of a unit>*-gain buffer Care must be 
taken in choosing pole positions to provide low enough re- 
sistances so as not to introduce further errors caused by 
bias current oflsets in the buffer amplifiers. Overvoitage 
protection and open transducer detection must aiso be pro- 
vided. The total sohilion is a simple, but runctional circuit 
that Is vcr>- easily chaiigcd for thfferent cutoff frequencies. 

We encountered an iiueresting phenomenon wliHe developing 
filter circuits for tfie fixed filter SCR A reasonable approach 
to designing a differential filter is to begin with a single- 
ended filter (one with the corniuon node ar gnuind } and then 
transfonu it into a differenlial fihen This was tlie approach 
originally usetl to design the fixed filter The original filter 
topology^ chosen was a traditional Sallen and Key structure^ 
(see Fig. 5). Tiiis filter topologj^ w^as chosen because of its 
low parts count and low sensitivities to finite operational 
amplifier gain-bandwidth and parts variatiomi. The trans- 
formation to a differential filter was straightforwai d aufl 
yielded the circuit shown in Pig. 6a. This circuit perfoimed 
as designed for differential signals but .showed attomahes 
when ( ested for conuuon-niode rejection. 

A spectrum analyzer placed between either otiipMl and 
gromid showed a resonance and severe jjcaking. This anonv 
aly was originaUy betieved tcj be tlie result of nonideiil behav- 
ior in the circuit components. Further in\estigation showed 
that (his was not the c*asc\ There are intrinsic problems vtith 
eonitnon-mode rejection when using asimplesiiigle-ended- 
tf>differendal Lraasfonnat.ion, The equivalent circuit of the 
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Fig. 5, Sallen and Key Hitter topoioiLv. 
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Fig. 6» (a) The circmt resulLmg from tjansfomiinfi rho fiilf^r iii Fig, r? 
to a differential filler, (b) Equivalent circuit for r>ne half of differentiai 
filter. 

differential filter with a conimdii-mode signal shows the 
problem (see Fig. Cb). The behavior of the chcuit is siirh 
that the voltage clroiJ across C^ is essentially zero niakuig it 
appear that Cz does not exist. In the transfer function C^ 
sliowsi up in the daiiiping factor of the complex poles in the 
half-circuit. As C2 goes to zero, the damping of llie poles 
goes to zero causing a resonance and the peaking ohseived. 
No practical alternative stnictme was foimd that did not 
have a similar difficulty in the transfer fmiction for common- 
mode signals. As a result of tliis fmding, the circuit in Fig. 4, 
which lias the simpler passive filter with buffer topology, 
Wcis chosen. 

Programmable Gain and Fiker SCP. Turbine test customers also 
want signal conditioiiing that includes gaui as well as filtering 
to nuike low ei -noise measurements on thermocouples. Tliey 
want the flexihility to choose different gains and filter cutoff 
frequencies piogrammatically. They want this functionality 
in the same size and channel counts as the strtiight-tluough 
and fixed filter signal conditioning plug-ons. Including this 
additional functionahty and all the other features mentioned 
above in the same space represented quite a challenge. 

The ADC subsystem in the HP E14i;3 requires gain in powers 
of two for proper functioning of The engineeiing miit algo- 
rithm* wliich converts measured voltage data to mtits such 



as ohms or degrees (see article on page 21 j< Signal gains of 8 
and 64 were chosen for the amplification factors. Gains of 
powers of two allow the engineeiing miit aJgoritlim to atijust 
the ADC reading to the actual system gain by simijly shifting 
bit^ up or down. Since a sliift operation is faster to execute 
than a multiplyt the engineering imit algorithm can work at 
the full speed of I lie ADC. Gahis of 8 and G4 also provide 
sufficient gain to atiiieve significmit noise reductions 
mthout overly eontijiex circuitry. 

Since progrannnabihty is a requiremenlj gain and fi'eqnencies 
are switched by analog IC switches. The circuit topology 
takes advantage of the switch density Emd configuration 
fdual 4:1 multiplexer). For the lowest-noise performance 
and most compact design, all the amplification is done in the 
first stage of the SCP (see Fig. 7). This allows the use of a 
single analog switch package to control the chamiel gain. An 
additional benefit is tliat the following low-pass filter section 
reduces the noise bandwidth of the systetti after the gain 
stage, thereby reducing the system noise. This topology is 
also used in other nonprogranunable gam and filter SCPs, 

The filter circuit is tJie sanie circuit used in the fixed filter 
SCP, except that it is programmable. Different resistors aie 
switched into the cirrnit to change cutoff frequencies. The 
resistors for the progranuttable gaiit and filter circuits are 
built mto custom thin-film resistor packs to conserve space 
aitd improve thermal tracking performance. Putting all this 
circuitiy iitto only 1.5 square inches of printed circuit l>oard 
space requijed careful laycjut and frequent consult at ion with 
lite production engineer assigned (o the project. Tlie resulting 
SCP stretches the liitiits of cunent stuf ace momU technology 
y^i still retains a good measure of producibiht^'. 

Curreitt Source SCP. Turbine test customers need to measure 
temperatures with ihennistoi^ and resistive temperat tire 
devices, and resist^mces of certain types of sensoi^s. To make 
these resistance n>eastirernents, a precLsion current soiuce 
with high compliance is required. The design goals for the 
cuiTent source SCP were that the cuiTent source would not 
luTiit the inijut voltage lange iit a four-wne ohms measure- 
ment, ami tliat il wotild pTo\ide 16-bit resolution and the 
ability tt> measure lOO-ohm resistive teniperature de\1ces 
atid 10-kohni thermistors. This reciuired the cuixent soiuce 
to have ±HiV compliance^ belter than 10-ppm resolution, and 
greater than 1-gigohm output impedance. For the engmcemg 
imit algorithm to work at full speed, the current source has 
to be cahbrated and stable during the measurement cycle. 

To aid in conversion of the voltage measurement into resis- 
tance, current source values of 488.3 fiA and 30.52 uj\ are 
used. These sources are programmable to be able to change 
ranges and tuin off the source. Both cunent souices exhibit 
low current noise to pro\ide the necessaiy 16-bit resolution. 
To put all tiiis capabihty m a circuit that occupies only L.5 
square inches^ we had to design a circuit tliat used few paits. 

Several cucuit topologies were tried and discarded for vari- 
ous rcasoiLs before the final circuit was designed. The final 
circuit satisfies all the design goals with a minim mn of parts 
and a simple design (see Fig. 8). It consists of a precision 
prograituuable ciu-rent source driving a higli-compliatice 
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current mirror circuit The precision dc reference is avail- 
able to the SCP fmrn ihe ADC <*irctiils. It is nst^d lo produce 
n preciKe a:ui stable dr currenl ihai is mijusied with a digi- 
t,aI-t:o-iiiia]ug conveiler (DAC) aiiti c*>mrtJl]ed iiy Ihe opera- 
tional amplifier. C'urreni switcliing is perloniied by shimiliig 
the 30-k(>hm resistor to increase the current. The second 
part of tbe circuit reflect-s ajid scales this precision current 
and makes it avmlable to the outside world ihrough tlie 
MQSFET transistor. Compliance meets the ±WV goal at ex- 
tremely htigh output impedance control led by the gain of tlip 
operational miiplifier. Note Uiat this circuit is a emTent sink 
rather than a soujtp. This was done to save parts and space. 

Strain Completion with High-Accuracy iKcitation Source, 

Cu^^l^>l tiers need !o nif^Lsure si lain gMiig^-s iti undi rsfitJid U\e 
Stresses and loads ou turbines. This measurement is typi- 
cally ntade with one or more strain gauges configured in a 
Wheatstone bridge. Ai\ exciiation supply is needed for tbe 
bridge along with completion resistors for making measure* 
mems using only one or two slniin gauges.^ To convert 
bridge voltage reading into strain gauge values, the bridge 
excitation voltage must be known or measured. To peif orm 
engineering tmit conversions i,o strain gauge values at bigb 
speed, the excilaiiou sourt*e iias lo hv stable and calibrated 
to a known value to snuplify calculations. The excitation 
suppty must be able t.o sotircf^ sufficient current to pow^r all 
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eight strain bridges on an SCP aiid be able to siu'\ive im ac- 
cidental short cii'ciiit without damage. Since only one excita- 
tion source was required for each SCR space constraints 
were not as critical. 

The cii'cmt chosen provides > 400 niA at 3.9000V for excita- 
tion (see Fig, 9). Tlie output voltage is calibrated by a DAC 
to pro\1de this level of resohiliou. Tlie 3.9000V v^ilue was 
chosen to provide a near fiill-scale reading on the 4V range, 
tn the event of a short circuit at the output of the exr itation 
source, a folci-back circtiil is activated to iiniit the output 
cuiTent to approximately 75 niA, thus preveutiiig damage tcj 
the SCP. Again, the reference voltage provided from die 
ADC is used as the reference for the excitation supply. It is 
buffered and then divided down to pro% idt^ a precise bias 
voltage foi^ the operational anipiinei. A caliliration tnitTent is 
sourced at the summing node of the operational ampiiiier to 
ac^just the output of the excitation source. Note that the cali- 
bration DAC uses the same reference as the o]3erational 
amplifier. This allow s the DAC to be used to calibrate any 
chosen output voltage with die same percentage of cahbra- 
tion span. Pads aie provided on the printed circtiit board to 
acconmiodate different, lower excitation voltages by cU%id- 
ing the reference before birffering. Cahbration of die IIP 
E 1413 is described in the article on page 25. 

When measuring strain gauges, customers often want to 
verify that i he gauges are properly connected by putting a 
large-value resistor in parallel (shvint) with one resistor or 
strain gauge in the bridge. The bridge will rhett become im- 
balanced by a predictable anioimt. The bridge voltage can 
be measured tmd compared agauist the ex^jeeted amomit of 
deflection to detemune if the britlge is operating properly. A 
lai^e-value resistor and a progranmiable switch are provided 
on each channel lo perfomi tins task. The shunt resistor is 
usable in any bridge configuration (see Fig. 10), 



Other Options 

AH of die SCPs are designed to acconunodate ftiture modifi- 
cations to the original circidts. Different filter cutoff Ire- 
qiieneies, different gains , different output ciuTents, and dif- 
ferent excitation source voltages ran be accommodated m 
most cases by simply loading different parts on the j^rinted 
circtdt boards. Pads for othei" standard-size com]3onents are 
placed on the blank printed circuit boards at strategic nodes 
to i^rovide for different customer needs with a mininiuni of 
adthtional design time or expense. Tliis has proven to be a 
popular feature for customers sitice they c^m get a custom 
solution with a niinimimi of expense aitd effort. 
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Fig. 10, Shunt resistor for strain gauges. 
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Conclusion Melander of the Lo^eJand Maufacturing Center, our materials 

Wliile i}\e original design goals for the SCPs seemed to be en^eer. Beth Delaney, our test engineers. Bert Kolls and 

well within reachn the iniplementation uf high-performance Rod X'illage. and ihe people in product design services who 

drcmts capable of providing the needed fiinciionaJJtj in the helped with and designed the printed circuli boards. 

space and at the circuit densities required presented quite a 

design challenge, lligh performance was extracred front Reference 

simple, efficient designs by careliil parts choices and pkice- 1. RR Sallen and E.k Key. 'A PracticaJ Method of Dt*sigjiinjg EC 

ment on the prilttecl circitil boartb. Costs were kept low. Active Filiere.' lEE TYansactions on CirciM Theoiy. \ oL CT-2, March 

consistent with li^e perfonnanee required by cusromers. The ^^'^^' 1*^' '*^-^'>^ 

results met the oripitai desiign goals in a way that provides - ^^^ ApplU-aiion Note 29rM. Fmttietil Stmin Mf^sufiPfnenis, 

the customer with lasting value. ^ Hewlett-Packafri. Pan Number gi»52-a8S(). 198L 
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High-Throughput Amplifier 
and Analog-to-Digital Converter 

High system throughput in converting analog signals to digital format 
in the HP El 41 3 is achieved by not relying on downstream digital 
processing hardware and software to compensate for analog anomalies 
and instabilities. 

by Ronald J. Riedel 



The amplifier and aiialog-todigital converter (ADC) section 
of the HP E1413 provide Uie interface bem^eeji the mulli' 
plexed analog signals from the signal conditioning pods and 
the digital world. Some of the fimctionaJitj' provided by tiiis 
section inclndes: 

• Accepting input signals ranging from a few microvolts to 
±1G volts 

• Conecting for gain and offset errors on a chaimel-by-channel 

basis 

• Acquiring each multiplexed signal in turn and settling to full 
accuracy with no memoiy of the previous channeK even if 
tJie pievioiLs chaimel was severely overloaded 

• Converting the analog input to a 16-bit digital number with 
connnensinate linearity and accuracy 

• Pro\iding a voltage reference, current source, and calibra- 
tion \ oltagc source lor use by the ADC and tlie rest of the 
card. 

A key contribution to the overall system thioughput and 
customer cfisc of use of the HP El 41 3 is that the above fimc- 
tions are pro\ided smoothly aiid accurately without the need 
for further error correction by the downstream digital hard- 
ware and softwaie. We resisted the temptation to rely on 
digital processing to compensate for analog anomalies and 
instabilities, even tlioiigh this approach would have saved 
money and time on tlie analog design. 

Fig. 1 shows the block diagram of tlie amplifier and ADC 
section of the LIFE 14 13. 

Ampliiier Design and Performance 

The |)eif ormance retjuirenients of a high-resolution, high- 
speed sc aiming voltmeter such as tlie HP E1413 dictate 
some fairly challenging criteria for ttie main input amplifier 
of the ADC section. In fact, moi e than any other single piece 
of analog circuitiy; the amplifier can define m\d limit the 
performance of the entire system. Some of the design 
requirements for tliis amplifier included: 

• Fast setthng time. To achie\"e fidl accuracy on a lo\n' level 
channel following a high'le\ el c:hamiel wiiilp scaiming at 
100 kilz. the ajnpliOer must settle to 10 uV after an input of 
16 vohs. in 10 us. This represents settling to better than 

1 ppiu in less than 10 [is, 

• Fast overload recover>^ So that an overloaded channel does 
not affect measurentents on subsequent channels in the 
scan list, the amplifier must recover from overload quickly 
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Fig, 1, HP E 14 13 analog-to-di|^tiil converter block diagram. 

and cleanly. Our goals were recover^' to Imear operation in 
less than 1 us and full settlmg in less fliai^ HI as. 
Fully balancf^d differential inputs. The IIP E1413 resolves 
signals down to 2 uY hIUi a "straight -through" signal condi- 
tioning plng-on. However, tiecause of the high coiwersion 
rate we cannot use the normal noise reduction techniques 
of Integration^ filteruig, and avei"aging. Fully balanced differ- 
ential inputs aie necessar>^ to acliie\'e adequate noise rejec- 
tion and to ehminate giound loops ft'om the measm'cment 
path. Tile straight-through SC'P is described in the article on 
page 9. 

High conunon-motie i ejection ratio. A high conmion-mode 
rejection ratio is necessary- for good noise rejection and to 
allow measurement of sensors such as snahi gauges, wliich 
typically involve a small differential signal (in the order of 
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noUlivoll^) impressed onto a large (se\'eral \otts) dc common- 
mode signal. Otir design goal for common-mode rejection 
ratio was greater than 120 dB up To 60 Hz on the mosi 
sensithe (62.5 mV) voltage range. 

• Low noise. Once again, standard noise reduction techniques 
of averaging, filtering, and integration are not notmally a^-ail- 
able in high-spee<:J scanning applications. Tlius, a low-noise 
anipliiier is essential if the full resolution of the HP E1413 is 
to be usefully realized. Our design goal was a noise le\^i of 
less tJian 5 u\ mis referred to the input of tlie amplifier 

• Autoranging with no lo^ of scanning speed or accniacy. In 
a scanning system, a customer may connect channel 1 to a 
themtorouple generatiiig 1 mV and use channel 2 to monitor 
a ID-volt power supply. The amplifier must be able to range 
between these two signals at speed, without degrading sys- 
tem accuracy. Also, many cusToruers may be unsme as to 
the exact \'oltage expected on a given channel Autoranging 
allows them to let the IIP E1413 seleci the optimum mea- 
surement rajige on a sample-by-saniple basis. The customer's 
measurement task is greatly simplified if there is no need to 
give up speed or accuracy to use autoranging. 

• Linearity and accuracy conimcnsmate with a 16-bit system. 
Our goal was to provide 0.01% overall system accui-acy 

• Good dc performance. For al! of its high speed, the HP 
E1413 still has the requirement to be a good dc voltmeter. 
Thus, low drift [ < 10 uV/^C) and low bias ciurents ( < 1 nA i 
are essential. 

• 16-x'olt differential and common-mode input range* For 
many applications, particularly in the automotive world, the 
standard input limits of ±5 volts or ±10 volts seen on many 
high-speed ADC system.s simply are not adequate. We set a 
goal to pro\ide a full ±il>vDlt input range so that 12-voIt and 
14-volt buses can be measured wilhout the use of cumber- 
some speed and accuracy limiting attenuator?. 

While none of tbe perfonnaTK e requirements mentioned 
above are partic ulmly dilficuh lo at^hieve in isolation, satis- 
fying all of them sinuiiumeously i) roved much more chal- 
lenging. Initially, it seemed to make sense to attempt to 
implement the amplifier using the classic three-operational - 
atnplifier circuit shown in Fig. 2 with off-the-shelf parts. 
However an exhaustive search of matt u fact urers* catalogs 
soon revealed that conunercially available ojjantps couldn't 
do the job. All t lie pans we considered suffered from one or 
more of the ffjilowing limitations: poor settling time or over- 
load recovery^ excessive input bias currents, inadequate 
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Fig, 3. Basic cuxxent-mode instrumentation amplifier. 

common-mode re;]ection ratio » or limited input voltage 
range. 

Another avenue, which involved using a monolithic instru- 
mentation amplifier, was also considered. However, these 
parts t^piciilly requiie a swircli with low resistance and low 
capacitance such as a relay to switch the gain accm'ately. 
This made them useless for meeting our autoranging 
requirements. 

For these reasons, we deterniined tfiai a discrete amplifier 
fiesign would be necessaiy. The amplifier lises a classic 
cuiTent-mode instn.imentation c onfiguration, with a special 
gain switc^hjng circuit ihat is both fast and accurate. If iniple- 
ments overload clamping in such a way as to greatly reduce 
recoveiy time by eiiminating internal saturation and nonlinear 
operation. Finally, the antplitler provides for '"on-tlie^ny" 
gain and offset cotTcction on a [ler-channel ln:Lsis so that the 
ADC; sees an accurate signal for conversion. This eliminates 
downstream time-consuming digital processing to conect 
the readhigs for gain and offset errors and allows the full 
FiUige of the ADC to be used for measurements. 

Fig. 3 show^s a simpiilled schematic of the basic current- 
mode mstnimentariJiM anipliner Because of the feedback 
action of op^mip Ul, matched ininit FETs Qi and Q2 operate 
at constant, equal currents. Thus, the voltage impressed 
across Rg is equal to the input voltage with a common-mode 
shift equal to the Vg^ ofllie input FETs. The cuirent through 
Rg becomes Vjj;/Rj,. This current must flow hack through R^ 
to keeji the lower ciu-rent sources satisfied. The output of Ul 
\\ ill seivo to make this happen, resulting in mi input/output 
transfer function of: 

where 



K = 



R2 + R3 

R:i 



Thus, the mnplifier gain is controlled CMitirely by tlie \^aiiu^ < >f 
K and the ratio of R^ to Rjj. K mid U^ iuiluencc the bandwidth 
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Binary Ranges Speed Processing 

Referring to Fig, 3 m the accompanying article, for the HP E1413 R Js hxed at 600 
ohms, flg has values of 55.555 ohms, 222.22 ohms, B88,B ohms, 3.555 kiiohms, 
and 14.222 kiJohms. and K = 6.6667. This gives amplifier gams of 11, 1 B, 4.5. 
1 125, and 0.28125. Since full-scafe at the ADC is 4,5 volts, this gives full-scale 
inpift voltage ranges of 62.5 mV. 250 mV, 1 volt, 4 velts. and IB volts. At first 
glance, these f jll-scale ranges may seem odd; why net choose a rnore common 
1.3,10 or 1 .2,5,1 Q sequence? These values were not chosen tor ease of human 
comprehenston, but to interface w/ell to a binary number system. The ranges have 
full-scale values of 2", where n has values of -4. -2, 0. 2. and 4. so the digital 
reading from the ADC maps directly tnio the mantissa of an iEEE floating-point 
number with no further processing required beyond right or left shifts for normal- 
ization This greatly relieves the burden on the downstream processing hardware. 
free frig it for more produciive tasks. 



and stability of the iunpiifier and are normally not varied for 
a particular design. R^ is iispd to set the gain because, to a 
first approKiination, bandwidtli, settling timi?. and stability 
are independent of Rg. 

AJso tiot k-e lliat ideally i\w aiuj)Iifier lia*5 nr> gain ft)r 
coninton-ntofie signals, resulting \n a theoreticiilly infuiile 
conmion-mode rejection ratio. (Jbviousiy, there are real- 
world limitations, which will be discussed laten 

Several additjojis luul lo lie inatle to this basic aniplirier 
architecture to allow it to meet tlie perfomiance deniaiuls of 
the HP E1413. The lirst is a viable means of acciuate, high- 
speed range switchuig. Simply using several series FET 
switches to switch in various values of R^ is not workable. 
The lowest value of Rg used in tJie IfP Ell 13 is 55 ohms. Any 
series FET used to swileh this resistor in and tjuL oft lie cir- 
etiit would have to have an on resislauce of iiuich less iluni 
one ohm to meet gain accurac^y at^d stahility re<jmrements. 
Such a FET would inliereiitly have a large parasitic capaci- 
tance of many himdreds of i>icofaracis, which would destroy 
amplifier stability bandwidth, iuid selthng time if used in 
that area of the circuit. 

To meet die perfonnance reLiuireiueuts of the IIP El n'5, an 
arrangement of cunent-steerlng diodes aiitl small geometty 
FET switches are tjsed to s^^ltch the amplifier gain. ¥\gA 
shows a simplitied fonn of this circuit involving two g;un 
ranges. Svidtches Sla, SHj, S2a. and S2h aie small-geometiy 
FEl^ with channel capacitances aroimd 5 p¥ and on resis- 
tance of 50 to 10(1 ohms. Since these FEI^ are in series 
with the very high impedance of the lower cinrent soiuces, 
tJiis range of t)n resistance has a negligible effect on cuxuit 
perfoiTTiance. 

As an example of die operation of the circuit shown in Fig. 4 
assmne that Sla and Sib are on. and S2a aiul S2b £ue off. 
There is tlien a cuixent path through CRla and CHlb, enab- 
ling Ryi to conti'ol the gain. Rjr> is effectively isolated by the 
back-to-back diodes C'R2a and CR2h aiul the ons'%%iU hes S2tfi 
and S2b. CRla ai^d CRlh operate at constant current, <is flo 
Ql and Q2j so that diode noidlnemities liave no effect. It is 
important tliat the diodes track \\ith temperatiup shice the 
amplifier input offset voltage is a ducct fimction of t lie dif- 
ference between tiie foi'u mtl \'oltagc drops of the on diodes. 

Tliis gaui sv^it clung arrangement provides the high switch- 
ing speed, good settling, and gaui stabihty required for tf^e 




p = 1 or 2 
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Fig. 4* I^asii (^rmige) range switiiiing sthenic* for tho r itrrf^nt- 
mofie InstnimentalioR Limplifier 

HP El4l:l It also allows as to meet rntr goal of autoranging 
at die full 100-kHz scannmg speed witliout compromising 
accmacy. 

For an amplifier to recover rapiflly ajid gracefully frotu an 
input overload, it is inipoitant that tlie internal hiasing be 
uj)set as little as possible wIkmi sucli overloads tjcciu'. In the 
HT El-1 1-1, this is acconiplished by a special set of clamp 
circuits that do more than simply limit the input or output 
voltages. During an overload condition, bias current is sim- 
ply rothed aioai\d the gain section iiLslea<i of through it^ This 
hiis the effect of reducing the g^iin to \\'hatever vahie is nec^- 
essaiy to keep the output in the lineat' rf?git)n. At the same 
time, the lower cmrent sources and the output opamp se^ 
no chmige in operating conditions eompm-ed to a normal 
itiput, "^Dius, these cntioal parts of I he tunpiifier are no I up- 
set during im overload and r'ecov<^r>' is rajjid and imeventful 
[see Fig. 5), 

Buffering of the inpiU F'ETs from commou-mode voltage 
cliauges is important to achieve the desired high-level 
conunon-inrKie rejection ratio. In the circuit sho^v^l in Fig. 3 
these F^ETs will see the entiie comn\ou-nu>de voltage as a 
chimge m their \^(]^. Ihiless the FETs are perfectly matched 
(an impossibility), Uiis will result in a cliange of input offset 
voltage, wliich iftiil in tmn ti'imslate into a small differential 
input signal as the result of the changing common-mode 
signal 
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Fig, 5. Amplifier overloeui clamping technique (only positive clantp 

is shown). 

Tb prevent this, a cas<^ode arrangement is used (see Fig. 6), 
The combination of current somces Qg and Q4. along with 
bipolar pair Q5 and Q(^, provide a stable, fixed V^{^ for input 
FETs Q] and Q2 regardless of the common-mode voltage. 
Thus, since Qj and Q2 are isolated from common-mode in- 
puts, their offset does not change, ai\d the C'omnion-niode 
rejection ratio remains veiy high. 

The result of all of thi.s careful and sometimes subtle design 
work is Ml aiuplilier Uial (Jirupies about 2.5 in- of printed 
circuit board aiea, draws about 300 n i W of power, and 
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meets or nearly meets all of the performance crifeiia out- 
Uiied above, ll is this sort of meticuloiLs design that makes 
the HP E141S not just another plug-in ADC card, but a de- 
pendablet accurate, information gathering sjstem free from 
pitfalls and hidden problenis for the ttsen 

Caiibration, Pipeliiiiiig^ and Timiiig 

On-the-fly gain and offset correction, which is done in hard- 
ware in the analog domain, is an imporlant featiu^ of the HP 
EM 13. It may seem old-fashioned to use analog hard^^-are 
for this purpo.se in today "s world of higli-speed number- 
crunching, but there are some ach^antages. First, it reliev*es 
the downstream digital processing hardware of this task, 
freeing system resources for more complex tasks such as 
sensor Linearization, engineering unit convei^ions, and so on. 

Secondly^ it is useftil to recognise that the most fundamental 
limit on system resohnion and d^Tiamic range is the 16-bit 
anaiog-toHligital conversion process. Any uncorrected gain 
and offset errors that occur before the ADC subtract directly 
from this djTiamic range. For example, assume we w^ere 
doing digital gain correction after the ADC tmd the micor- 
rected gain wiis liigh by 5%. If a customer tried to nneasme a 
15.9-volt signal in this case tlie result would be an overrange 
because 15.9 volts times 1,05 = 16.69 volts, w^hich Is above 
the ADC input range of 16 volts. In fact, for this example, the 
maximmn iiiiKit voltage thai cmi be measured is only 15/24 
volts. This is confusing and fnist rating for a customer w^ho 
presumably ordered and exi>e<:;Ted to get a 16-volt ADC. E^-en 
niore confusing, a second miit. presimiably identical, might 
have an uncorrected gain error of 5% low. Tliis imit w<juld 
then measure up to 16.84 volts before showing an overload. 

This kind of customer confiasion and uncertain^ is tmaccept- 
able for high-quality instmmentadon. The customer should 
not have tij Ihink abi>ut such issues. Analog con'ection 
aliead of the ADC process eliminates these issues. 

Thirdly analog offset correction allows us to remove large 
fixe<l sensor offsets at the amplifier front end, using the 
TARE;CAL fimction. This huict iui t allows i he customer who is 
only interest ed in monitoring changes in sensor output, 
rather thart absolutt^ value to increase nieasuremertt resolu- 
tion. This is pariicuUu'ly useful with sensora such as strain 
gauges. Tate calibration is tlescribed in more detxiil in the 
aiticle ^ iM ijage 25, 

Fig. 1 shows the blocks belonging to the gahi and offset caJi- 
bralion subsystem. A local RAM stores a separate 12-bit gain 
correction constant for each of the five mnplifier ranges and 
eat^h of the Gi channels (04 x 5 - 320 gmti calibration con- 
stants in ali). The RAJVI also stores tw^o nffset ctjrrection 
constants for each range and chaimel (an 8- bit coarse con- 
stant and a 12-bit fine consttmt). This allows us to correct 
gain errors of up to ±5% and offset eiTors of up to ±25% of full 
scale. This relatively large imiount of conection range tnakes 
the calibration system veiy robust and able to accommodate 
a wide variety of signal conditioning plug-ons and senso^'S. 
All of these calibration constants are deiived automatically 
d i I ri ng the vari ous sy.ste m au f n t :i lib rati on fun cd ons base<1 
on a few fuiuiamental calil>nttifjn tat tors measiu'e<l during 
factory or calibration laboratory calibration. 



Fig, 6, i..'i?|.».ir Ff'TF bias sf^hf*me for ht^ih f:onimon*niod<^ reject ion 
rarit>, 
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F'iii. 7. Tuning cUfigram of aii HP 1413 measurement cycle. 



Gain and offset correction are interwoven into the measure^ 
ment cycle such tJiat no speed penalty is ijicurTed. Fig. 7 
shows a simplified timing diagram of a typical 111^ E141'3 
measurement cycle. j\n o\^erlapped, or pipelined approach is 
used so thai several operations happen al once. 

For example, assume a channel list of eight channels num- 
bered 1 through 8. If at some point dui'ing the scan wc wci e 
to take a snapsliot of activity in the HP E1413, we might see 
the following t.iperalions haj)pening simultaneou^^ly during a 
single lOustieriod 

• The muJfiplexer has switched to chaimel 11, and the ampli- 
fier is autoranging, settiing, and applying gain imd offsel 
coiTections to that chaimel. 

• The smnple tmd hold cu'ciiit in the jVDC' has aeqnired chanjiel 
5t and the ADC is converting this channel Lo a 16-bi1 digital 
woi<i^ which will hp teinptnarily siravd in the ADC. 

• Tlie tUgiUil value of chaimel 4, wMch has been stored in die 
ADC smce the last measurement cycle, is being transferred 
to the onboai'd microprocessor for fi.irther processing* 

• The onboard microprocessor is processiitg the reading 
from channel 3 and transinilUng il to the nnlioatd FIFO and 
current vidue table* for access by the host computer 

During the next. lO^us measurement cycle, the mtiltiplexer 
will switch to channel 7 and all other activity will move up 
orie step in the pipeline. This pipelinhig approach allows the 
HP E141;^ lo maintain system throughput at l(K^Ot)(^ readings 
per secontl. even tiiongli t!ie required operations for a single 
reading lake much longer than 10 lis. 

• A current value labte js an area of flAM that is accessible to the onboarfl micrDpracessor ar>d 
the host computer This table stores the mcusi recent reading (curenT value) for each channel. 
For maniioiirvg purposes a customer can directly access tJte nrwaf recant readings on any 
channel vviThouT havmg to son through possibly hundTetJs or ihoosands of readings m the 
RFC huHer. 



Fortunately, the customer sees none of this complexity- The 
task of keeping track of all readings and indexing them 
properly to each eharmel is taken care of l>y the onboard 
microprocessor. This tnicroprocessor also ensures that the 
pipeline is ])roperly niishe<l ar the t)cginning iind the end of a 
scan so that no stale readings aie transmitt ed at the l)egin- 
ning of a scan and no good readings aie left stranded at a 
scan*s end. 

On the HP E 141:3, a Xilinx FPGA ( field-pro gnunmahle grid 
aiTay) hanfiles all sequencing and thning of the ADC and 
amplifier stxtion, including: 

• MLUtip lexer update and chaimel advance 

• Auto range detection and fiming 

• Calibration RAM interface 

« I)igital"to-attalog converter updates for gain and offset 
correction 

• Start pulse to Uie .ADC. 

Using an FPGA for this purpose gave us great flexibility in 
the design pixicess and reduced the number of required 
printed circuit l^OiU'd ijalches and tnm-arounds (iiiring the 
prototype phase of ihe project, 
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On-the-Fly Engineering Units 
Conversion 



An algorithm has been developed that provides engineering units 
conversion in real time (10 microseconds) in the HP El 41 3 scanning 
analog-to-digital converter instrument. The algorithm converts numbers 
to IEEE 754 standard 32-fait floating-point format. 

by Christopher R J. Kelly 



Till? IIP E1413 is a VXIbus 64-charaiel scamiiiig analog4t>- 
digital con verier ( AI>C) that is used in data acquisition aj> 
plications. These applteations usuaJly mciisure real-world 
piienomena such as leniperaiure using a variety of trtuisduc- 
ers. These trans<hicei^ (e.g., rhermocoiiples) cotivert the 
phenoineTion <jf intPiest intt* a voltage. wMeh is connected 
to a channel of ttie ADC. Tlie ADC then converts? this voltage 
into a hinary digital number that represents the voltage ap- 
pherJ to its input. In Fig. 1, for example, the temtieratm^e T of 
a flame is sensed by a tliermocouplo. Tht? theiinuelectric volt- 
age V is applied to the ADC, wliich generates a digitid biiuuy 
ntmiber Nl whose value is determined by V, so its units are 
typi(^'ally niicrovolts< The challenge is to tjrovide a fast engi- 
neenng units converter to change Nl into a floating-point 
mimber N2 iit units of temperatuiie such as degrees Celsius. 

In iJie tlienuoc'onjjle example, the relationsttip between teav 
peraiiire aitd ihernioelet-f rie voltage is described l>y NIST 
( t he U.S. Natlona] Institute of Standards and Technology, 
fonnerly National Bureau cjf Standards) using a high-order 
polynomiai. For a tyi>e E thernuK tmpie, for exampie, NIST 
mo<iels its thennoelectjic behavior using a l-itli- order poly- 
nomial. Considerable computing power is reqmi'cd if tiiis 
polynomial must be evaluated in retil time (10 microseconds 
in Ihe viisv of the IIP E 14 i:n. 



Need for Conversion 

Why is engineering units cotivejrsion important? Tlie reason 
lies in the nature of the task of continuous on-line data ac- 
quisition and the coupling between tlie mstnunents and tiie 
controller in a \^XIbus instrument system. 

hi continuous on-line data acquisition, measurements are 
made and recorded c<:>ntuiuously for an uideteniwiate period 
of tune. Duiing this period, data may also be displayed for 
operators or used for acljustment of the experuncntal condi- 
tions (control )h The data should be available in usefiil um] 
understandable units of metisure so iliai operators anci con- 
trol systems can \iew and operate upon it easily. Recorded 
data also should be m a form snch tiiat no additional i)rc>- 
cessing is reqiured for the data to be useful, thus helping 
ensure the correctness of experimental resutts. For short- 
fluration experimenls the data may be birffcred in a raw 
format while a converter slowly mtissages it into a useful 
form. But when data is acquired continuously the acquisi- 
tion system uuist be able to converl tlie daUi at ftjll speed or 
eventually the Iniirers will overOow. 

Tlie VXIbus arcliitecture also allows a new, tight coupling 
between iastruments ancj their ronlrf>llin^ CPU. Tliis permits 
a lai*ge increase ui system Ihroughinil if lite ijisi runienls are 
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designed to take advantage of the arrliitec-tiiie. In some non- 
VXIbiis instninienl systems the instruments are coupled to 
the controller using a conimmiicaTions link, and control or 
data messages are exchanged by explicit input/output trans- 
actions. However, in a VOCIbus systen\ the controller can be 
connected to tlie VXIhus backplmie dirough its address and 
data bus, and tlie Instruments' control and data registers 
appear as memory addresses in the memtjry map of the VXI- 
bus CPIL hi many c:ases, the CPI' actually plugs into tlie 
VXIbus car dc age and draws its power from the backplane. 
In this model, no explicit I/O transactions are required lo 
operate the instruments, so no 1/0 de\4ee drivers or layers of 
comnmnieatJOfis protocol are needed, and operations can 
proceed at full computer backjilaiie speeds. 

With ttiis tight coupling between the computer iuid its instru- 
merits, if the insinimenl is designed to beliave like a memoiy 
device, the control program can access real-tinie data ai hill 
CPIT speeds as tf the insl.ntnient were pan of its niemor>-. If 
the data is in a computer-native format, the computer can 
store, display, and niajiipulate the data immediately, with no 
format or unlt^ conversion, P'or most of today's computers 
the IEEE 754 standard floating-point mimber fonnat is native 
and is operated upon dtrectJy by tlie float ing-pomt processor 
in the CPU. If the Instmnient is able to trai^sfer itfj nieasme- 
ments in this format, the computer has no bmden of transla- 
tion from a speciiil format to one it can process directly. 
This memis thai data nm l>e acquirefl more rapidly and 
tigbler experijtientiil control can be maintained tiian with 
alternative systems of sin>ilar cost. 

In previous systems, these tasks were often handled by the 
cjontrolling CPU if the data was recjuired in real time. As data 
rates rose, considerable CPU pt^wer was necessary to do all 
these tasks in the availaijle time. Some systems used nmliiple 
CPUs to handle tJie load, but the overhead of synchronization 
and conimimi cations imiong the CPUs also grew to absorb a 
considerable fraction of the available processing power. 

The goal of the HP EI413 engineering units converter is to 
make it possible to realize the full speed potential of the 
VXIbus architecture by j)ro\iding all necessary' conversions 
in the instrument iti real time. Eacb of the (U input cliaiuiels 
requires its own engineering units conversion since trans- 
ducer t>^es or calibration may vary from one chmmel to tlie 
next. For the IIP El 113 tins means 100.000 measiaenTents per 
second aie converted to engineering imils. fonnatted accord- 
ing to IEEE 754, iuid made available to the controller over 
the raibus backplane, 100,000 measuretnents per second 
means 10 microseconds per measurement. 

Bounding the Problem 

Upon fn-s! examinai itjn of tiie challenge of on-tiie-fly engi- 
neering units conversion for this product, several factors 
worked to simplify' the problem. First, tbe ADC only pro- 
duces a 16-bit binary number as a result of the conversion, 
meaning that the technique used for die engineering units 
conversion does not need to exceetl 16 bits of resolution. 
Whatever format is used for reporting results, the me^isure- 
ment itself is intrinsicaJJy resolved to one piui in 2^*^ (05,536). 
The second mitigating factor is that altiiough the ADC has 
five operadng voltage ranges, these ranges are related by 
powers of two. Tills meaiis that changing ranges only requires 



shifting the 16 bits from the ADC right or left in an accnmii- 
iator to maintain correct measiu"ement scaling. Finallj', the 
entire scanning ADC system is calibrated in tnre \'olts. This 
calibration includes multiplexers, filters, attenuators, and gain 
stages all the way back to the transducer wiring. Every chan- 
nel is indi\idtia]ly calibrated to measure voltage applied to its 
input temiinals. Tliis corrects for any channel-to-chaimel van- 
ation in offset voltages result ing from relay contact ttiermfj- 
electric voltages and variat ions in the amplificadon of the 
signal -conditioning channel amplifiers. Thus, no postmeasiue- 
menr corrects oti is necessiiry, allowing the measuiement to 
proceed at maximum si)eed. 

This third factor means that all engineering units conversion 
coefficients can be calcidateti in advance, referenced to ab- 
sokite voltage. If the system were calibrated in some arbitrary 
ADC voltage units, we would require dynamic computaiion 
of coefficients based on ihe stale of calihralion of each indi- 
vidual ADC. a prociuction engineering nigluinare. 

Efforts have pre\iously been made to speed up engineering 
units conversion in similar systems, ;md a variety of short- 
cut teclmiques have been developed. Tliese techniques gen- 
erally trade off accuracy, speed, and inemor>'^ table size, and 
each technique has strengths and weaknesses. These tech- 
niques inckuie development of loworder pol>Tiomials to 
approximate the NIST ettuatioas wiih few^er temis aiid hybrid 
lookup-lable-with'Correcti on -factor techniques. In the limit, 
it is possible to perfonn simple table lookup, with the ADC 
reading bemg used as an address index into an array of re- 
sults. This teclniiquc is very fast, but uses a lot of men;or>'^ 
for the lookup tables. In the case of the Ei4Ki with 10 bits 
of resolution and 64 separate channels, this technique would 
have required 10 megabytes (64 cliannels x 16 bit-s of resolu- 
tion X 4 bytes per result = 64 x 65536 x 4 = 16 megab>tes) of 
tables, too expensive a solution. On the whole, we needed a 
technique that w-ould precompute as much of the problem 
as possible, leaving little remaining work to be done in real 
time. 

New Algorithm 

The HP EI14I3 engineering units conversion algorithm uses a 
iinear atiproximation technique to convert the ADC binary 
voltage numbers uito engineering imiLs. The technique divides 
the o]>eniting voll^e rai^ge of the ADC mto a number of .seg- 
ments of equal size and fits a stiaight line to the data in each 
segmenl. Tlie number of segments can be atUusted to provide 
an acceptable level of conversion enor, %villi more segments 
yielding lower en oi; In our case, we JcnuKi that 128 segments 
were sufficient to iimit enors to acceptable limits* 

hi Fig. 2, the algoritlmi is representetl schematically. t3n the 
left, a digital binary number from the ADC is tli\ided into 
two sections, live high-order bits are used to address a table 
of engineering units convemion coefficients. The low-order 
bits enter the numeric processing pipeline aiul ;^e multi- 
plied by tlie slope coefficient for this table segment, result- 
ing in the juroduct ( P). This product is Uien added to the off- 
set coefficient for this table segment, which represents the 
value of the engineering muts conversion ec[uaii(.in at tiie 
beginning of the segment. The result (Ro) is now in engineer- 
mg units, and in a simple model can be used as output. This 
process of lookup. mitUlply and add can be accomplished 
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Fig. 2. A l:ilocik f.liagram of the ejigirn-crhij^ milt conversion process. 

ver> quickly compared to e%^alaatiOii of a liigh-order polyno- 
mial. In fact, the process is simple enough to be performed 
entirely in a simple hardware state machine consisting of 
ROM, muJtipljcr, adder, arid clock control devices. 

In {he HP E 14 1:3, additional steps are a<:ided to keep the reso- 
lution of the convei-sion ui> to an acceptat^le level. In genera), 
an engineering units conversion equation will ha%^e relatively 
high slope coefficient-s in some paits of die ciiwc and rela- 
tively low slope coefBcients in others. The compiirative smes 
of the slope and the offset will also change over Ihe width of 
the conversion cun^. To keep the resolution of the conver- 
sion process U|> to acceptable levels when using integer 
arithmetic ^ the HP E 1413 conversion also includes a third, 
scaling, coefficient- This factor is used to at^just the scale of 
the slope and offset coefficients, and is corrected for in a 
postconversion reseating (right or left shift as appropriate). 
The scaled result (R| ) is dien reformat ted according to IEEE 
754 before die result (R^J is presented to the controlluig C-PU. 

To show graphically how the algoritltm operates, Fig. 3 j^liows 
the th*^niu>electiic voltage ciu-\'e for a hypothetical tempera- 
tiirt^ I nmsducer. On the vertical axis we see temperature and 
on the horizontal iods we see the resulting voltage. Tlie 
cun'e illustrates a nonlinear relationsliip lietween tempera- 
ture and voltage. When the ADC' measures the transducer, it 
puts out a digital binai>^ number \\mr.^- ^lien tiiis voltage is 
presenied to the cngiueedng units convener, it is foiuirl to 
fan hitf.i voltage segment n, because its voltage Ues between 
the begimiing voltage of the segment (V^,) mid the endmg 
voltage of the segmeni fV^^.i). When the engineering units 




Fig, 3* Thermoelectric voltage cur^^e for a hypothetical temperature 
transducer. 

converter receives ymeus^ tl dKides it into high-order bits, 
which have a ^alue of n, and low-order bits, which indicate 
how far into the Vt\ segment the actual voltage lies. 

The enguieering units converter next uses the high-order 
bits to look up the nth segment slope coefficient from the 
conversion table. The slotie coefficient is midtiplied by the 
low^-order biis, %vhose value is O'nieas - ^n)- Tlte produt t of 
diis multiply lias a value of (Taf^t^^ai -^n) ^^ l^^e vertical axis. 
That is to say, the product is equal to ti^ie distance above the 
l)ase temperature of the segment where the true temperature 
lies. The second step of engineering units conversion is to 
fetch the offset cue f tic rent (Tt,) from Oie coefficients look^Ji.i 
table and a<id it to die product of the multiply. The result of 
this addition Is now ui units of temperatm*e. This value is 
now scaled and converted to noating-point number format, 
iind is available for use by the controlling CPU. 

Results 

The n HI hiply-add sequence is a core runcti<.)ii in most digital 
signal processing (DSP) algorithms. It is a function optimized 
by most DSP processor chips into a \'er>^ fast operation. This 
makes the arcliitecture of DSP proces«oi?i well-suited to the 
engineering imits conv^ersion algorithm, for which multifili- 
ration, addition, and speed are all imi>ojlanl. Tlie IIP Eli [■} 
uses a Texas bistnmients TMS:320(:5I DSP processor cliiji as 
its onboard CPU, and is able to execute diis algoriduii in the 
available 10 microseconds, along with other functions such 
as measurement sequence control. Tlie processor also han- 
dles measurement trigger counting and timing fimctions 
during measurement sequenc^es and calibration and mea- 
surement setup commands when the instrument is not 
actively acquiring data. 

As mentioned above, the algorithm can be acUusted to trade 
convei-sion accuracy for coefficient table size. In the IIP 
E;1413, the filgoridun tU\ides die engineering unit-s space into 
128 segments, whit^h yiekis 512-word conversion tables for 
eacli transducer. Si[ice llu^ thermocouple is one of the target 
transducers for this product, it is instructive to evaluate the 
errors generated by the aigoritlmi w^hen using theniiocouples. 
Fig. 4 shows a grajih of tiie algorithm etTors wlien the trans- 
ducer is a TVpe E t hennocouple. llie lai'gest errors occur 
near O'^C' and are nearly O.OB^C. Over most of the tempera- 
tui'e range die errijrs ai'e below 0.005'"C, far below die ASTM 
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Fig. 4* Engine ering unit: acniratiy u1t:h a IVj^e E thermocouple. 

maiiufacturing error sf>erificatioii for the thermocouple wue 
itself, which rises to +4.4''C above SOO^^C. 

Tlte shape of the error ciirv^e is detemiined by tiie rate of 
change of tiie theniio electric voltage for the theniiocoiiplci 



over teniperalure. The thermoelectric voltage chtmge per 
degiee of temperature change is called the See beck c<:)- 
efficient f>f the {heroiocoiiplc. As the Seebeck coefllcient 
changes, lite algfji itiiin rtmst approximate a cm^ing line seg- 
ment with a straight line. This leads to a small error in tJxe 
tiiiddle of the Vine segirientH with almost zero error at the 
eiidt>oints. Tlie greater the cun ature of the fmiction being 
approxinratt^d, ihe greater the error The en'ors generated by 
the conversion algorithm are far below die n^eastireiitent 
errors of the analog hardware or those of the transducers 
themselves. 

Summary 

The nt^w segmented linear approximation algorithm allows 
real-time eoinersion of ^aialog measurt-nienLs inio engineer- 
ing iinifs. The algoiithm | provides ain]jle con vers it jo accuracy 
tor the target hardw^are and traitsducers, and executes in 
less than ten microseconds using the microprocessor in tlie 
instnnnent. Performing this conversion in the instnmient 
allows the complete measm^ement system to jnake usable 
measurements faster and at lower system cost than was 
possible with previous instiimients. 
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Built-in Self-Test and Calibration for a 
Scanning Analog-to-Digital Converter 

Onboard calibration capabilitY enables the HP El 41 3 to calibrate all 64 
input channels in under 15 minutes, many times faster than the manual 
calibration techniques previouslv reauired in similar systems. 

by Gerald L Raak and Cliristopher P. J, Kelly 



The HP E14i;} is a (34-€hani\el scaiming aiialog-to-di^tal roii- 
verter (ADC) with configiiiable ^signal ronditioiiiiig plug-on 
(SCP) cirriiiLs. The HP E1413 combines sigi^al conditioning, 
analog multiplexing, aiialog-to-dlgital conversion, and digital 
daia procpsfiing m one integrated subsystem. Similar subsys- 
tems are made up of sepaiate components, often combined 
by the end user. In such systems it is difficult for tfie designer 
of one component to provide end-lc»-end calibration and 
self-test since the designer has no conltol over the design of 
some components. Final integraiioii is often left to a system 
integrator or to the end user, who must then add haidwtu'e 
ajid son waie engineeiing to make tiie s>^stem fiiUy function^U. 
Cah brat ion of high-chaimel-comit data acquisition systems 
of Uiis sort may take many hours or f\'en days, which d lives 
u]3 the cost of ownership. 

With fiesi^i control of all four mgjor components, the HP 
E1418 design team w^is able to add considerable value by 
iiitegratijig tliest* components and their inleraeiifin during 
calibration, sell-lest, imd measureriient openifions. Tliis is 
accomplished using additional c alibration h^ud ware aJid 
software that enable stimulus m\d measurement access to 
all mi^jor cfmiponents of the nu-asurement hardware. 

t'alibration and Self-Test Hardware 

Three mi\i(]r hardware convpi^ntnts were atlded (t> the tfP 
E 14 13 to enable self calibration and test: onbtjard voltage 
and resistancH^ reference sources, a ealibration bus thai 
connects sources I o various pointf^ in ibecirrLiit, ^ind midd- 
plexers and relays to control measurement and sotu-ce signal 
routing. 

Fig. 1 shows a sunphiled chagnun of Lire HI' El4i;l cidibmlion 
hardware. The voltage and resistance source section pro- 
vicies a t>recision T'lOO-ohm resistor^ a programmable vr^llage 
source, and a shon circuit (zero voltage) reference. The 
cali!>ration bus (CALBUS) connects the various sources 
either to the inptn of the signal conditioning plug-on boai'ds 
or to ;m exteniaJ multimeter via ihe front-iTmud connector. 
The B4 caJibratit>n relays serve two iiurjM>srs: first, to tdlow 
calibration soinces in enter the signal crjuditioning of a 
channel, and second, to isolate the HP E1413 Input stages 
from die customer wiring when powder is lost or when ex- 
ces.sive in|:>ul vnliages are dticctecL The spnticonduclor muh 
tiplexers MIX B and MUX C allow ilie refen^ticr* sounes \n 
be coiiuectcfl to the calibration bus or directly uito the AiJC 
iujiut amplifier stage. 



Different lypes of Calibration 

Tlie objectives of the HP 1413's built-in calibration are to 
pro\ide high measmement accuraf;y and to make calibration 
sunple and fast for customers, including measurement sys- 
tems widi more Ihim one HP El 413. The rahbration tree in 
Fig. 2 shows that there are sev era! t>i)es of cahbration avail- 
able for the HP E1413. The ihjee main types are caiibrations 
using an external standard multimeter, working calibratioits 
iticluding those done using die multmieter. and internal self- 
calibrations. Fig. 3 shows the HP E 1413 components c^i- 
braled by these different calibration types, 

Working calibrations and internal calibrations are depicted 
in Fig. 3 as nested boxes because these cahbration s Jire re- 
lated m a hierarchical manner Subsets of lliese major cali- 
brations are accessible to the customer because tiieir speed 
and convenience make them individually usefiU (see "A 
llierarciiy of Calibration Conmiinicis/ on page 28). For best 
results, internal self-calibrations and working calibrations 
should be [jerfonoed in tin* IIP E1413 wr)rking en\ironmenL 
This means the HP E1413 sht>idd be wanned to nomud oper- 
ating temperature wjxh normal operating airflow from the 
VXIbus cai'dcage. Tliere can be signifir^ant temt>erature and 
airflow differences insitle a \QClbus (uaiiitr:inie l>e!ween a 
standai'ds laboratory enviroinnent am] the working enviion- 
men! dependmg on ambiein temperatures ajid liow many 
cards are loaded Into 1 he TOIlats mainframe. An external 
multimeter with ils heated reference imd intem^illy contiolle*! 
airUow i an handle these environment changes iietler than 
an HP KM 13. 

As the first stage of crdibratinn, the external transfer stan- 
tlard <ligltal multimeter should be cudibrated in a standards 
laboraioiy. TliJs nudtinieter should be a GV^-digit (21 -bit) or 
better nmhimeter (such as the IIP El 110 or thi- HP 345BA 
tligital nndtimeters), Tlie external multimeter is Hien taken 
to the IIP El 413 operatitig environment where it can be 
used to calibrate nuiiti]jle K>bit HP E1413s. Tins juakesthe 
standards laboratory s calibratit^n easier, m\i\ an HP E1413 
cahbrated in hs working i environment will he more accurate 
in that environnienh In some systems, the digitid nuiltimtier 
m dedicated to the test system mid wired to tlie HI^ E1413 
calibmtion bus connectors and is only removed when tlie 
multimeter requires n? calibration. 
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Fig. I, A block diagratt! of the HP E1413 circuits used for calihratlon and test. 
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Fig. 2. ^IP E1413 <:ciiibraUon trep. 



External HP E1413 Working Calibrations 

External wrjrking calibration of the HP 1413 requires a 
mulrinieler to establish ADC' gaii\ calibmtion mid the exact 
%'a)ue of the precision i^sistor m the HP E1413, The ADC giun 
calibratian fonres the gahi of the HP E1413 ADC to match the 
gain of the external multinieter on each of the fl^-e Tneasure- 
meiit ranges of die IIP E1413. Tliis calibration takes less than 



0ve ntiiintes lising an external controller sending a sequence 
of setup and measure conmiands for each measurement 
range. 

Ill the following disciLssion it is assumed that the multimeter 
IS an HP -MqSA DMM or other HP bench-t>pe multimeter 
Ofher types of multimeteis may require different connections. 
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A Hierarchy of Calibration Commands 

CaJibration of tlie HP El 41 3 ADC moduJe can be performed using only one external 

instrument, a digital multimeter As implied in Fig, 2 in the accampanying article 
there is a fiierafchy of calibration types m the HP El 413 rliat can he invoked hy 
the calibration commands. 

At the highest levei are calibration commands that evaluate the HP El 41 3 transfer- 
standard components, These commands, which inclucte CAl.'brate£OWFigure::VOLT- 
age and CAUbr3te:C0NFtgufe:RESisiance. allow an external d^gltal multimeter to 
make measurements to establish thevafue ol key parameters m Lhe HP E1413 
circuitry These key parameters are the AOC input ampNher gsjn on each of hue 
ranges and the value of the precisron resistor m the HP E1413. All other HP El 41 3 
cafibrattons are based on these six parameters. 

Below these calibrations are the working calibrations, which include CALTARE, 
•CAL7. and CALZERO?. These calibratmns affect smaller and smaller parts of the 
HP El 41 3 and are shown in Fig. 2 as being entirely coniained within the previous 
type of calibration The innermost fsmaHest span) calibration is CALibrate^ERGT, 
EALZERO? is used only to correct the ADC tor drift in voltage offset which usually 
results from tempetature change. This command is very^ fast [less than five seconds) 
and can be executed frequently to compensate for any changes in the temperature 
or flow rate of the air cooling the HP El 41 3 

The *CAL? command is used to correct for any voltage offset caused by the SCPs 
or the 64-channBl nfiultiplexer, and for any gain errors m the SCfs.. For example, if 
channel 1 of a SCP has a nominal gain o J eight but an actual gam of 7.998, the 
*CAL? command will correct for the difference by adjusting the ADC input ampli- 
fier gain upward by a factor of 1 .00025 whenever channel 1 is being measured. 
Every channel containing an input SCP is calibrated this way during the execution 
of the *CAL? command. Since up to 64 channels are calibrated, the *CAL? com- 
mand can be time-consummg. usually requt ring B minutes or more to complete. 
Tlie onboard current source and any current or voltage sources on the SCPs are 
also calibrated during *CAL?. Fig, 3 in the accompanying article shows that 
GAL:2ER0? is also performed by 'CAL?, 

The outermost layer of calibration is CALTARE which adjusts a If measurement 
channels tor any voltage induced by customer wiring To understand the tare 
cahbration. consider an analogy from weight measurement. A customer wishing to 
buy rice by weight places the rice into a plastic contamer on the scale, The cus- 
tomer does not wish to pay for the weight of the plastic container in addition to 
the rice. So the container is first weighed alone (thjs is the tare weight), then its 
weight is subtracted from the total weight af the container and rice In same 
measurement systems, the wiring between the HP E1413 and the transducer may 
cause some small voltage to be addeci to the actual transducer output voltage. 
Any measurement of transducer voltage will include this small additional voftage 
caused by the wiring. Therefore, the wiring is short circuited at the transducer, and 
the tare voltage is measured for each channel. This value is used during *CAL? to 
adjust calibration so that the tare voltage is suhTracted from all future measure- 
ments on that channel. Again, as Fig. 3 shows, *CAL7 and CALZERO? calibrations 
are performed by CALTARE. 



At the start of tlie calibration the HP E1413 Ls commanded 
to put out a voltage frojti its voltage source to the extern aJ 
calibration comiector (comiection jjath ^ c alibi atioii source 
to MUX B to the CALBUS relay to V H^L to the multimeter 
voltage input), t 

Next, the HP 3458 A ruultiuTeter reads the voltage and passes 
the readijxg back to the HP E 1413, The HP E14I3 cjilibration 
finnware now connects the source to the ADC (ronneci ion 
pad! = calibration soture to MUX C to the .ADC inpiii ampli- 
fier to the ADC) and adjusts the input imiphfier's gain to 
match the Milue of the reading from the external \'oltmeter 
The gain of tlte HP E1413 ADC can only be calihratetl m tliis 

t Refer to Rg 1 for the eomponents given in tfiesecalitjraticin conFtecttons. 



maujit^rj so the stabUity of ttiis gain is important to measm'e- 
ment accuracy- 

The precision resistor is also measured by m\ HP 345SA 
nuiltimeter using a veiy similar setup and measure sequence 
(connection path - jnuUimeter ohms ciirreni source (volt- 
age input) to V U&L to tlie CALBtJS relay to MUX B to 
C-AL_R anci multimeter ohms seme input to OHM H&L to 
tlie OHM relay to CAL_R). The resistance measurement 
made by the external muhimeter Ls passed to the HP E14I3 
and storeti for use duiing intent al seLf-cahbration. 

For best accuracy before an important data run, tlie ADC gain 
and tire precision resistor can be recahbrated in less t han 
five minutes if the external vTjltnieter is left coraiected (con- 
nection path = HP 3458A voltage input/ohms current source 
to V H&L and HP 3458A ohms sense ir^put to OflM II&L). 
Muiliijle HP E1413s can be permanently wired in paiallel, 
but only one HP E1413 can be doing these cahbrations at a 
time. If an HP E14I3 is not doing these calibrations, it will 
disconriect itself from the external multimeter by oijeniiig 
tlie OHM ajid CALBUS relays. 

Internal HP E1413 CaUbrations 

The lirst tntemal calibration remtjves I he oflset errors in tJie 
ADC input amplifier with the command CAL:2ER0?- Tliis cah- 
l>ration, which is used to remove any offset error caused by 
a temperatui^e change in the ADC input mnplillert is entirely 
self-contained and requires no external equipnient. It is per- 
formed by the onb^^ard microprocessor by comiecting llie 
ADC' input to a reference sboi1 and attjustmg the ADC offset 
DACs to obtain a zero reading on each of the fi%x^ ADC volt- 
age ranges. This is similar to a multimeter's autozero func- 
tion except that it is not done automallcally. but on com- 
mand. The CAL:2ER0? ctdibratiou takes less tliart live seconds 
tr> tim and slioulri be executed frequently (every five minutes 
if possible). 

The second irUernal calibration is iiivokerl with the SCPI 
*CAL? command mirl is a complete uitomal self-calibration 
that removes errors between die customer uiputs and the 
M)C' chip. These errors inclu^le SCP gain errors and aJiy 
offsel caused by the SCPs or the 64-chamiel multiplexer. 
This inter'Eial calibration also adjusts the value of voltage or 
cuiTent sniiplied by the SCPs to external transducei-s. Tlie 
TdOO-oIiui internal c^dibration resistor is used to convert the 
HP Ei413's intenml current source and the SCP current 
sources to a voltage tliat is measured and calil>rated by the 
internal ADC. 

The ""CAL? function meitsiu-es and corrects HP E1413 offset 
and etTore on a r-hamtel by c hannel basis. For offset cahbra- 
tion, the SCP inputs aiv ct>nne<:ted one at a time to the same 
internal short used during a taie calibration (described 
below) (connection path = one bank of c alibration relays to 
MUX D to CALBUS relay to MUX B to short). Next, the ADC 
output is forced to the value of the voltage difference be- 
t^veen the internal shoil and the customer supplied short 
slured dming the tare calibration by a^ljusting die value of 
the ADC offsel DAC. 

For gain calibrations, a measmred input voltage is applied to 
each chaimel of the SCPs (connection path - calibration 
source to MUX C to ADC inpnt, then cahbration source to 
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MUX B to C.\LBt*S relay to Ml'X D to a baiik of calibration 
relays to tiie associateti SC'P aiid fiiiall> to the ADC input 
aniplilier ), The output voltage of the ADC input amplifier is 
nc»w acljusted to make it match the gain of the SCP chaimei 
The "CAL? should be done inmiediately ht^fon? an important 
test imd any time there has l>een a signifmuif temperature 
change. The driver aUows ntultiple HP E141'Ts to be cali- 
brated with the 'CAL? command at the same time. VVlten the 
HP E14iy ctmtaiiis SCPs ^vitli slow fihers, no external volt- 
age should be applied to the input termhmLs during *CAL?. 

A tare calibration measures and corrects for the ctjstomer s 

and HP E14i3 s oSsel errors on a ehannel by channel basis. 
The offeei errors this calibration removes come from the 
SCPs, the ADC input ajui)liriert aticl tJie ADC. There are 64 
offset cahbration eonstat\fs tliat represent the voltage differ- 
ence between an internal short (connection path = one bank 
of calibration reUiys to MCX D to fJAX^lJS relay to Mi X B 
to short J tincl the ctLstomer-stippUetl short it^onnection path 
- customer input to a calibration relay to an SCP to im FET 
switch to MTJX A to tiie ADC input). Tliis is the JiormLil con- 
nection path when an IIP EM 13 is connec"teci to measure 
customer transducers, Wlien uieasuiing the customer short, 
the meastnemenl peiiod is set to reject power line noise. 
Tare c^ilibration requires from 5 to over 30 minutes depend- 
ing on the SCPs that are insUtiled, since the SCP fihers must 
settle for external meEisttrements. Each time CAL:TAflE is exe- 
cuted, a full set of *CAL? constants must be generatetl The 
SCPl driver ailo%vs multiple HP E141:Js to be tare calibrated 
at tlte same time because of the lengtli of time required. Tai-e 
calibration is usually a one-time calil>raiion that is done tiie 
first tinie customer wiring is attachecl. However, it should be 
perfomied whenever the customer wiring offset changes. 

Analog Self- Test 

Analog seli-lest usi*s !he same hjmlware as calibration. 
Three sections ^ue associated witir fituilog seit-lests. The 
first section is centetied around a digital multiplexer (MUX F 



in Fig. 1 ). Eigtit tests are used to ensure that the control sig- 
tials front tlie onboard microprocessor are correctly getting 
to the ADC, relay dri\-en>. attd multiplexer drivers. The sei^- 
ond stjction is centered around the analog muldpiexer in the 
ABC (Ml'X E in Hg. 1 ). For this section, 24 tests are tised to 
ensure tJiat the analog portion of the ADC Is workutg. The 
third and final section uses the ealibraUou hardware t*» con- 
nect to the calil3ration patl^ and make sure tlie oflsets and 
gains are witliin the ijtree-signia limits of tlie hardware. The 
third section also tests the SCPs. There are about 11 tests in 
tMs section, some of which are run on each channel. The 
ac?f iial number of tests and which tesis aje nin depends on 
Itte t5T>e of SCP^ installed. This section of self-test is the most 
tinte-<*onsiiniing because some of tJte tests have to be run on 
each of the 64 channels. As \iith the calibrations, if SCPs 
with slow filters iU'e instiilled the seff-test uill take longer to 
let the voltages settJe before takuig measurements. If only 
HP E 141:3 Option 1 1 SCPs (with no fitters) are installefl, the 
self-test will take less than six minutes. If eight HP E1413 
Option 12 SCPs ( witli 1{)-Hz filters) are iiLstalled, the self-test 
ci\n Viiki^ o\'er 30 minutes. The self-test shoulfi be rim only 
after the HP El 4 13 has been allowed to wiunn up in its oper- 
ating environmeiU. An HP E14I3 may fail seJf-test during the 
first five minutes after power-up because test tneasurements 
may drift out of Uniits as the cireiiito wanns up. 

Conclusion 

By adding a modest antount of circuitry iiiid firmware to the 
HP E1413, the speed, simpMcity; and accuracy of cahbration 
were impro\ed. The circuiti>" it\cludes relays aitd analog 
uujltiplexers to route calibration signals to cyjferent sections 
of the instrutnent. The only external instiimient required for 
calibration is a digital itiultinicter, mid most calibration lunc- 
ii<^rifi are i>erfomied in an entirely self-contairied inaruien 
Tlie same circuito^ used for cLtlibratioti is iilso iLsetj for self- 
test* Dtiring seif4i*st various sectioits of the instrument are 
evaluated ;uid diagnostic fundions re|Ku1 failures to a very 
fine degree. 
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Manufacturing Test Optimization for 
VXI-Based Scanning Analog-to-Digital 
Converters 



The high density of the hardware for the HP El 41 3 scanning anaiog-to- 
digital converter, the low cost per channel, and the wide variety of 
optional signal conditioning plug-ons require a production test strategy 

that is fast, flexible, and efficient. 

by Bertram S. Kolts aiid Rodney K. Village 



The wide laiige of features aiid functionality^ availabie in tlie 
HP E1413 scanning analog-to-digital coiiveitei; the tlexihility 
pro\1ded hy U\e signal ooiuiitioning pkig-ons (SCPs), and the 
desire to occupy only a single VXIbus slot dictated a design 
that is complex aiid requij'ew a lugh-dertsily hardware imple- 
mentation using double-sided surface niotint technology 
with numerous fine-pitch components. Since the eost per 
iTieasurenient channel is aimed at being one of tlie lowest in 
the industry; the challenge to maimfacturing was to develop 
protot>i:)e aiid produt lion test and evaluation stiategies iJiat 
woxitd be cost-eflective. 

Four project test goals were established at the stait of the 
project to pro\ide a low -cost test solution. The first goal 
mandated the use of existing lest systems to reduce hard- 
ware develo]3ment costs, ll^e second go^il was to reduce the 
cost of testing by removing detects as early in I he produc- 
tion process as possible. The third goal was to reduce imil 
test times by a factor of fiiree relative to sinuJar prothicTs 
currently in production. The fourth goal was directed specif- 
ically at the SCPs. Because the SCPs have high production 
volumes (eight SCPs for each HP KlilS motherboard) com- 
pared to tiie HP E1413 motherhoaifl and because of their 
low cost imd relatively straightfonvaid liaidwaie design, tJie 
goal was established that the plug-ons would only be tested 
at one paint in the production process. 

Test Strategj- 

From these foiu' goals the test strategy' for the HP R141-3 

was developed, Tlie need to remove process defects as early 



as possible in the production cycle requires testing the prod- 
uct at the completion of ciicuit board loading in the surface 
mount fabrication <irea (see Fig. 1). Testing at this point en- 
sures that any iirocess defects are removed as early in the 
manufacturing process as possible so dial the product can 
function aiifl he capal:)Ie of being calibrated at final test. Tliis 
test strateg^^ enabled us to recogniise another goal for the 
project tuid that is to refrain from dui>licating tests in the 
surface mount £ind final test areas. 

"Just-enough-test" is another test strategy that was imple- 
mented for the IIP E1413. The aim of jiist-enough4est is to 
try to minimise test costs wliile at the sanie time ensuring 
that product ciiuihty is maintained at a high level The sim- 
plest way to ensure high product quality is to test all of a 
product's sjiecified parameters. Although this is certainly a 
safe and easy approach, it is als<:> the least cost-effective in 
terms of development time and production tesl time. On the 
t>ther hand, the lower the amomit of test coverage the greater 
the risk of shipping a defect. Most test engmeeis probably 
tend to err or\ the side of too much testing, rather than too 
little, to ensure thai as many defecl:s as possible are fomid. 
With the HP El 4 13 we wanted to ojitin^ize the amount of 
testing. Tlie IIP E 14 13 test suites use several techniques to 
adtJress this issue. 

Reducing test costs requires not only that test nm times be 
kept low, but that setup times be held to a mininumi as well. 
Tfj accompUsh tliis, especially in die smface niounl area^ it 
was necessary to minimize the hookup time by requiring 



Steps to Remove Pr(}ces& 
Odects Early 



HP E1413 
SuKace 

Area 




^Shi|i 



Fig. 1, The HP E 1413 assemblies 
piiss rhrou^i a t^vo-stage tesl and 
repair process. The surface nioimt 
test stage is ain^ed at detecting 
pro(:ess defects and the final test 
st^ge is intended for calibration 
and iMfrfamiance verification. 
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#Sl»ip 



Scrap BoBfd 



'Opiifiii 11 ^ Direct Input SCP 
Opiian 12 = l&Hi Low-Pass Filter Input SCP 

Fig, 2, Die test aiid repair proct^ss fcir SCPs. Signal co!idiiioiiiiTg 
pJug-OTUs an? tPStiK] otily after fabrication t>ecause they do not require 
final assembij' or calibratiDn. 

front-panel cormections only. To this end we needed access 
to major functional blocks within the product from cither 
the backplane or the front-panel user interface. We decided 
that an internal analog self-lesl nniitipiexer that pro\1des 
access to the intemaJ funcUonaJ blocks and is accessible 
from the front panel would be the best solution. 

While the goal of doing a single man ufactu ring test for the 
signal conditioning plug-ons was easily met. the test process 
foi' the plug-oi\s still required a test set widi a minimum 
amoiml of components and die shortest possible repair 
times. An analysis of the cost of repair versus die factory 
cost of various SCPs showed that for the lowest-cost boiirds 
tiiat did not pass the tests, it wlis more economicaJ to dis- 
canl su( ii boards rather than repmr then^ (see Bg. 2). This 
was a nijyor change in inir old i niu ui fact u ring paradigm in 
which all failures had to be repiiired. 

Iiiipie men tati on 

Having denned the test goals and strategies and adding the 
goal that tests would not be duplicated from one area to 
another, we were able to spUt the test develojiment work- 
load between two test enghieei^ and reduce d\e product test 
development time. 

Early identification of test requirements was given high 
priority because of the need to identify any potential hmd- 
ware additions, such as the analog self -test multiplexer, 
which might be required for manufacturing test. This early 
idenrification ailowe<l these additiot^s lo be incoiijorated 
into the layout of the printed circuit boani dining the initial 
design phase. 

We decided early In the design phase that the self-test multi- 
plexer would need intlependent measuiement capabtBty so 
that it would not have to rely on other intenuil circuits for 
conriniiation of firnctionality antl thai it would be aide to 
interface with the intenial ADC hir the bail i -in self-tests. 
These two paths for routing the multipiexer's output are 
necessaiy because there are two different problems to solve. 
First, at power on die self-tests are looking for i>n>cess proli- 
lems such as missing or backwards jj^ts. antl later, dtirijig 
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Fig. 3. Inputs to self-test naulUplexi^T. 

field verifications the self-tests are looidng for component 
failttres. 

During surface mount production testing the accuracy of an 
externa] voltmeter is relied upon to verify iniportmit circuit 
parametei's, while the intemaJ ADC is used for Ijuilt-in self- 
test measurements. Thus, from a design point of view it was 
necessary to detennine which circuits would be critical to 
measure and whether the measurements could easily be done 
on the UP E1413 printed circuit board. The major implemen- 
tation ccmcems were parts cost antl printed cuctiit Ijoard 
area. The density of the HP E1413 does not allow much 
room for extra self-test parts. An eight-channel multiplexer 
was selected as a comproniise between test coverage and 
printed circiiit board area. Fig, 3 show^s the m^jor blocks 
tiiat provide mput to the HP E1413 self-test multiplexer. 

The exiianding kernel approacii* has been used for stnict\ir- 
ing the tests througltoul the development t>f ^tll of the test 
suites. The first test is designed ro measure several critical 
internal power supplies with one measurentervt. This "one 
measurement*' constraint was mandated by the limited 
number of inputs to the self-test multiplexer. 

Some of the power supply buses used in the HP E 14 13 are 
connected directly to dte mainframe power sup|>lies, while 

' The ^xpatKlina kernet test meihodology selecis a minimuTTi stt, of kernel of circuttrv thai is 
assumed to ba functian>at and than varlfias the rimgining circyits in sequancs. building on tlie 
kmml 
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otiiers are detived irotn ihosc supplies. It wds derided to 
test only I hv h)ur power Biipplics derived Ironi the niain- 
franie supplies. The test tLssunies thai the five mahibame 
power supplies are functioning and so they arc not tested 
The hardware implenTentation consists of a wired-OR con- 
nection of tlie derived power supplies to one inpui of the 
self-test multiplexer. 

The next mayor functional blocks tested with the self-test 
multiplexer are the outputs of the inpitl ain])litler, the refer- 
ence voltage for the ADC, the calilnatioti somce, and the 
OACs used for cahbrating the HP E1413. 

The UACs tor the calibration source/gain, and offset correc- 
tions are tested by setting the conditions of all zeros and all 
ones plus zero-o^ies and one-zeros cornijLnatioi'is to test tur 
stuck high or stuck low bits, wiiile the iniJiit i:iin])liller is 
tested for all input conchtions, including overload (by using 
an external sotjrce). 

The self-test MITX also verifies the relay driveiis. The output 
of each rc!ay dnver is wire-ORed through a resistor to one of 
the MUX inputs. The diivers are aclivated ojie at a time, and 
since one side of tite relay coil is hard wire fl to gioimd with 
the driver acting as im active pull-u]j, tiie relay driver is able 
to verify that tJie relay coil is activated. 

The seven self-test niulliplexer channels (tlie eighth is uiv 
used) in conjunction with the Iniilt-in self-test proved to be 
more diau atietiuate itj verily tiie jjerfoiniance of the IIP 
E1413 before final calibration and test. 

The fmal tesi of the HP E 14 13 is made up of two sections: 
ciilibiatlon and iuialog veriiication. The calibration section 
performs a fuO -scale and tare offset cahbration'^ for each of 
the 64 channels and the mtenial current soiu'ce. It also veri- 
ties all of the internal calibration constants to ensure that 
they are close to their nominal values^ Any deviations would 
indicate a possible fault. 

Final Test Optimization 

To meet die goal of a threefold improvement in analog verifi- 
cation times over other similar' products, it was necessar>' to 
implement a set of stringent test selection criteria. Trachtionid 
test techniques usually extract only one bit of test data for 
each measurement. A traditional test suite wiis generated 
for tlie mialog portion of this pro due I anc! a list of tliese tests 
is shown in Table I along with rheir test times. 

The test data >ield can be increased by seleetutg tests that 
verify a niunber of differenl parameters al one time, or by 
selecting tests that verify a block of ports simultaneously. As 
tlie test data vie Id is uicreased, the length of the test suite w^ill 
decrease. Tliis occius because more test data Is extracted 
from each test, resulting in fewer tests being required to pro- 
vide adequate test coverage. .Also, since the number of exe- 
cntabie tests is decreased, test tinges shcnild decre^ise as well 

A good example of a high-data-yicld test b the discrete 
Fourier transform (DFT ) . .^n analysis of t he results of a DFT 
test can give infonnation on noise* signal-to-noise ratio, aper- 
ture uncertainty, number of effective bits* hannonics and 

' A tajEcalibratJon measures anrf corrects tor the custoFTieT's snd ttie HP El 413 s offset ermrs 
on eacti charrnel Tare calfbfBtion Is descntied in fhe article ttn page 25. 



Table I 
Traditional UUT Verification Test Suite 



Test 



Built-in test 

Offset and noise (1 chaimel, 5 ADC ranges) 

Offset and noise 



Test Time 
(minutesi 

ao 

0.9 

L2 
(()4 channels, lowest ADC range) 

Full-scale gain ( 1 chamiel, 5 ADC ranges; 1.3 

Full-scale gain '^.2 

f B4 channels, highest ADC range) 

Integral linearity (5 ADC ranges) 

ADC bandwidth (IV rangej 

Number of effective bits (DFT) (IV range) 



0.6 



0\^erload detection/recovery ( IV rimge) 0*5 

MUX swi telling speed (64 channels) — 12.2 
T,,,andT^tr 

Total Test Time 28,8 

harmonic distortion (magnitude, frequency, and phase), inte- 
gral and differential nonlinearity. missing codes, and spuri- 
ous responses. WTiilc there arc other methods of measuring 
these pai'ametcrs, they woultl all require additit^nal tiata 
processing ^uid in some cases additional test system hard- 
ware. The UFr is able to measure all oftlie.se paranietei-s 
with just one hardware configuration, a sine wave source 
and a Irjw-pass filter, and one software analysis routine. 

The DFT test can also be used Id verify the FET multiplexer 
of (he fll/T (unil uruler test), which wouki Jiorniaily be veri- 
fied by measuring such paiameters as switching times arid 
leakage currents for each of the 64 channels, Wiile these 
parameters might be of some mt crest in themselves, the pri- 
mary couceiTi is whethei' the FET MCX is lihle to scan the 
uiput signals a! the specified rates ajul a<:"curacies. 

If the main performance objective of the MUX is to maintain 
a specified nietisiu'eiuent acciuacy at the maxinuun sc^uining 
rate, then this is the manner in which it should be tested, hi 
productirm testing the HP E14I3, the 64 MUX chamiels 
(eight channels per SCP and eight SCPs per HP E1413) ai'e 
connected in parallel to a sme wave signal source ;ind a con- 
tinuous scan is imtiated that sequences thiough all of the 
channels at die maxinium scanning rate. Tliis results in a 
cli:gitized wavefomi in which successive data jx nnts are niea- 
suied on different channels. Any dynamic swiicliing problems 
that aie present Vi ill si low up as an elevated noise floor of 
die DFT. 

Even iratUlionally slow tests such as gain mni offset can be 
redefined to improve their efficiency. Rather tlian measuring 
the full-scale gains of eacli channel one at a time (e.g., 100 
readings at channel 0, 100 readuigs at channel 1, and so on), 
a scan list can be set up to scan all Cvl channels sec|uent.iaDy 
(e.g., loop 100 times taking one reading al each channel tkir- 
ing each iteration). Tliis eiUails only one configm'ation for the 
UUT and the ap})ii<::at ion of the same mput to ail 61 chamiels 
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Pi^ 4. Syslein setups aiid UUT confi|fiinitions are comhined ivith 
their respective lests to indicate lesis that share cammon data needs. 
In this figure tests 3 and 5 can both use the same data defined by 
s\^steni setup SS and Ul'T ron^uTation CI 

of the UIT. The data for all 64 channels is transferred to the 
computer in one large block railier tlian ui 64 smaller blocks. 
Tins reduces much of the software overhead associated 
witli computer I/O operations. The data for the 64 channels 
is sorted by ch^imiel and only the worst channeVs results are 
reported to the user for piiss/fail detennination. Only in the 
event of a faihtre is all of the data returned to the usen 

This scanning technique is used for almost all of the 1£P 
E1413 analog tests. The value of this approach is not just 
reduced test times. Diuing the development plujse of the 
product . several design atid coitipoiienl problems were 
encountered tliat only manifested themselves during the 
scanning tests. 

Data Duplication 

Another ajea of o]jporttmity for increasjitg test efficiency 
ratne from the recognition that maiiy test suites contain 
duphcale measurement data. Su^ce source setup and settling 
tiiiK^s are nisyor contributors to test times, any duphcation 
of measured data results ui longer test times. For example, 
the dat^ required for an integral linearity test includes plus 
or mitnis full-scale data, zero data, and other mtermedtate 
points. One tiata set can therefore be us**d for computing 
linearity as well as gain, offset, and noise. 

DupUcate data sets can easUy be seen by creating a table of 
system setups and V]JT configurations as shown in Fig. 4. 
Grid locations thai contain morc^ thiui one test mmiber mdi- 
cate tltat duplicate data is being taken and are oppoittmities 
for test consohdaliorL This approach leads the test engineer 
to consider the test process from the point of %iew of data 
acquisition rather than test results. 

Test Statistical Quality Control Process 

Extetisive use was made of atidit and depetitl test ty]:>es to 
provide additional data for statistical quality control (SQC) 
purjjose.s and repair lechnicians. These tests were designed 
to verify lite LTUT's performance in tJie traditional manner, 
one channel at a tune. 

Audit tests are tests that are executed on samples of tlie 
production WTs to ensure that the new test tecluiiques, 



sucli as the scanned gain and Imeant^' tests, are adequately 
verif>1ng the TIT'S analog performance. The test results are 
reviewed on a periodic basis to determine whether or not 
tests should be added to or removed from the audit list. 

The lests classified as depend tjpes are executed if a sped- 
fied preceding test failed. The pinpose of depend tests is to 
provide the repair technicians with additional data to md 
them in locating the cause of a failure. 

Fuzzy Logic Data Analysis 

The HP E!41o project was also used as a lest bed for a ftizz>' 
logic tool that was developed as an alternative to statistical 
methods to aid in the analysis of prototype and production 
test data.^ TTie fuzzy logic tool is especially useful for sum- 
marizing the test results from small quantities of products, 
even a single unit. 

The fuzzy logic tool attempts to quantify the test results for 
a single UUT by emulatit\g the anal>^is patterns of a himtan 
test engineer TJie results of each test are graded by theii' 
proximity to r>on\inal values and by their weight, or relative 
importance. T!ie grading is accomplished by nonnalizing 
each test restilt relative to the test specification, deterniining 
its fuzzy equivalent, and tlien combining all of the results \ia 
a fiizzy rule base to jield a ftizzj' conclusion and a fuzzy iogit: 
figure of merit, or ftizz>' index Each test can be weighted by 
applying a liizzy logic hedge, which includes terms such as 
^'veo" or "slightly" that allow a sijecific test result to be em- 
phasized or deemi^hasized relative to otiier tests. The ability 
to weigh the test results is of particular importance because 
it aUow^s more emphasis to be placed on test resttlts that are 
expected to be more accurate than others. Cahbration point 
testing represents tests of this type. 

The frizzy index, which is nmch like a weighted average, 
indicates the ovcraE performance of the tJlIT, This result can 
be used to compare multiple UUTs tested under the same 
conditions or to compare one UUT's performance over 
changing environmental conditions. 

Tile fuzzy index has also proven to be a tiseful metric for 
tracking ]3rototy7>e development. Tlie overall performance 
figure should show imiirovcment relalive t{> the pi-oducrs 
target specifications as development progresses and circuit 
desigii is refined. 

Signal Conditioning Flug^ons 

The lack of any necessity for final assembly and the ability 
of the Hf^ E1413 to compensate effectively for gain and off- 
set errors within the SC'Ps enabled a t est -i I -once solution to 
be impl emeu ted d ur i n g su r f a c e i n o n nt t ec h n o 1 1 jgy fa I >r ica- 
tion. The same testitig techniques were itni)lejnented for the 
SCPS as are used for the HP E1413 motherboard. 

Since the SCPs are tiesigned to operate as part of the iiP 
E1418 motherboard, either a known good HP E14i:3 is re- 
quired as a test fixtitre, or a citsttim test fixture is tieeessar>; 
The stjategy chosen is to use a ki^ovvn good HP E1413 
motherboard because it is the simplest aiul most cost- 
effective soltxtion compared to a custom test fixture. It also 
allows a simpler maintenance and upgrade strategy. 
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To enham-e the flexibilily of the lesl process, the test is 
design efl to all<:iw operators to mix anti mkiU:h SCPs on the 
test niotlierboartl The soflwme is tiesigned to intetrogaie 
each of the eiglil plug-on locaiions to deterniine if aii SCP is 
loaded and if so Jts type, and then l,o load the appropriate 
test program. 

Conclusion 

The result i>f these efforts is a test process tiiat minimizes 
throughput in production and at tlie sanie tinie ensures ttiat 
all product speojlleations are met. All of die project goals 
were met, including tliose of no process defect:s at final test 
and the 3x reduction in test times as summarized in l^bie II 



Table \\ 
Optimized Verification Test Suite 

Test Time (minutes) 



Test 

Built-in test 

CKerload detection and recovery 

MUX, ADC, bandwidth FFT 
(64 channels in paiallel) 

[ntegral linearitj^ gain, offset, noise 
((H f^hannels, 5 ADC ranges) 

Total Test Time 



ao 

0.5 
1.5 

1L5 



Reference 

i. B Koll,s. "Fiizz>' Djgic Improves Sniull-Lot Data Analysis," Evalita- 
lion Engitif^f:nng, Vol 30, no. 5. May 199'i, pp. 3(K36, 
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Design Leverage and Partnering in 
the Design of a Pressure Scanning 
Analog-to-Digital Converter 

The HP El 414 pressure scanning VXIbus analog-to-digita! converter 
completes HP's VXIbus offering for jet engine and wind tunnel test 
applications by providing the ability to make pressure measurements. 

by Richard E* Warren and Conrad R* Proft 



Development of tiie HP E 14 14 pressure scanning \^XIbus 
anaiog-to-digital convener (ADC?) product was Mglily lever- 
aged from the IIP E1413 (>4H:h^meI scanning ADC product. 
The development of the HP E1414 was dso guided by a part- 
nersliip wirli Pressuie Systems Incor[)oi:3ted ( T^J ), a Virginia- 
based conipany, PS I is a company with expertise and high 
visibility in the Held of pressure transducers and systems 
that calibrate and measure those transducers. 

TFie HP EI413 scanning ADC was created to solve customers' 
needs for versatile and custom daUi acquisition solutions in 
jet engine and wh^d tujuiel tesi applications. Tliese applica- 
tions require many chaimels of voltage, stridn, resistance, 
iUid teniperatuie measurements that must be acquired rapicily 
and accurately w^hUe the engine Ls operating under rigorously 
speeiflefl mid cctntroUed test conditioris. These tests require 
vefy expensive lest facihties. A key cost factor is Ikjw 
quickly the nteasuremcTit sysiem can make tJTe necessary 
measurements and J low flexible it is in being reconfigured 
for v^urious test setups. 

The HP E14K3 perfomis these measurements with the needed 
flexibility. U offers high data throughput, st-dable chatmel 
count (iiitother card can be added tcj get more channels 
without speeii degradation;, mixed mcasiuements (voltage, 
temperature, strain* resistatice) in engineering units, and full 
data acquisition speeds (lOd.OOd readings per second). Ciili- 
bration is (iiilckly and easily accomplished vrith an in-c4rcuit 
caJibration subsystenL 

One measurement type the IIP El 413 does not jiro^ide is 
pressure. This is especially enticed in jet engine and wind 
tunnel test applications. These applications require many 
pressure channels in addition to die previously mentioned 
ixuxed nieasiuements. Presstire measiu*einents in ttiese apt>ii- 
cations liave the same requiremeiHs of higii data throughput, 
scalable channel count, and results reported in enghicering 
units at maximimi data acquisition speeds, 

Witli pressure measurements as the missing link, the [jrojecf 
team searched for exitens in \\\v \wU\ of pressure nu^asnn^- 
irients and set up a partnei^hi|). Pressure Systems (neorpo- 
raied (PSl) is a reeognii^ed leader in electronic pressiu'e 
scamiingimd has nnjcli exi>erienre in Jel engine testing and 
wind tunnel n iea.su rejuenis. I*SI also luis an existing jjrotiuct 
luve oi pressure measuring scaimers and caJibraiors that 



provide all of die needed functionahty to make the measure- 
ments However, these scanners and cahbrators tlo not oper- 
ate within the C-size VXIbus platform that allows the higli 
throughput and mixed measurements that customers often 
need. 

Our systems approach to provlduig aU of die desired through- 
put features and all of the requi led mixed measurements 
was based on the C-size VXIbus platform imd the partner- 
ship with PSL Tills approach et^mhines the new HP E 14 13 
and E1414 VXIbus modules witli PSl pressure scamiers and 
calibrators, other VXIbus modules, and ctnntnletl SCPI 
(Standai'd C'ommatuls for Progranunable hist runu-nis) pro- 
grmns. This combination jnovides the performance and 
measuienient versatility n^juired to satisfy these demanduig 
appUcations. 

Fresjsure Scanning ADC 

Tlie HP EMU pressure scannitrg ADC is a C-size VXIbus 
module tliat ahows tlie usei' to make scanned pressiue mea- 
surements on up to 512 t'liaiuiels at rates up Uy 50 kHz wlien 
attached to pressure scanners nutmd'actiu'eti by PSI (see Fig. 
1 ). h provides measurenienis eitlier in volts or converted to 
engineering units such as pst. Pascals, or mniHg. The mea- 
surements are made available to die VXIbus backplane at Ml 
sciuuiing si>eeds mui maintahi accmacy to the st>etif1ed 0.05% 
of n ill-scale pressure levels determined l>y the pressure 
sraimers, Tlie HP E1414 Ii^ls most of the soflware fealures 
of tiie HP E1413 in addition to caliL)ratioi\ modes sperifie to 
die pressure measiu'ement environment. Fig. 2 shows the 
layoitt of the HP EMM and E141M \^?i:ibus modules. 

ITie majority of the hardware and software for the HP E1414 
was developed lli^t foi' the HP E 14bJ ami lUrecdy reused 
with minimal chmiges for the HP E1414- The areas of hard- 
ware that are nearly ideniieal ir>clude tlie VXIbus backphme 
interface circuits wkh register sets juid address decoders, 
the CPU and engijuHTuig units cnnvei'sion engine t onqjosed 
of the digiial signal processing (DSP) eliip cuui supjioiling 
nienujry i>aj1s^ the trigger and tuner circuiUy, tile bWU mem- 
ory and current value table memory control subsystem, the 
AiX", and the calibration subsystem. Much of the cireuitiy of 
these sections is in i piemen ted using field pn>grammab|e 
gate arrays and progi^nunable airay logic (PAL), Tlie PAL 
ami id I bu( one of the six gate iuray designs of die HP E 1413 
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Fig, 1, Tlie C-size VXIbus mwitiln rnntaimiig the I]!^ E M IJ pressure 
^caniiin^ ADC. 

were reused without change in the HP E 1414. Only the ADC 
gati^ array is <liffeient because of tltc* speeitil sc aiming mea- 
sureriient,s of the PSl scaiuiers. However, even that redesign 
was accomjjlished by deleting from and adding to the HP 
E1413 design. 



'Hie physical printed circuit hoard layout of the HP El 414 
w£Ls originally copied directly from the physical layout of the 
HP E 141:3 for those sections of the board llvat had little or 
no change. 'Hie areas of the bom-d thai had to Ije different 
between the two designs were sunply added into U\e areas 
of tlie botml layout where onneeded pails front the HP 
E14K)A had been rleleied. lliis greatly n'thu ed liie time and 
cosl to i)roducp the HP EM 14 iirinted circuit board once the 
IIP B14bi board was designed. Paits that were deleted from 
the HP E1413 for the HP E1414 include 60 of the 64 channels 
wilh the calibration relays for each chaimel imd the signal 
conditioning i>lug-ons. Tins left ample space for Uic 5f>watt 
switching pfjwer supply thai supplies power to the i>i*essure 
scanners, the controOed-rise-time addjcss line drivers tiiar 
select PSI pressure setmners, The extra RAM for storing real 
number coefficients and tables for 512 chanrvels r )f ijressm'e, 
and the llP-IB circuit ry lo et^nnnunicale mth die PSI 840Q 
mainframe ajtd pressure calibration units. 

lite ADC calibration scheme of the HP E14i;J was also used 
in the HP E1414. Even though the HI' E1414 does not have 
all of the onboard calibration needs of the HP E1413 (the HP 
E1414 does not have resistance or current-somce calibra- 
tion needs), those c^alibrat i<in resources diat aie common 
were copied tUrectly Irom the HP E1413 along witli much of 
the softwtu'e and calibral ion procedures for perfonning 
calibration of the HP B14 14 s ADC. 

Software was leveraged from the HP E1413 in die areas of 
the status subsystem^ trigger setup and control, accessing 
the FIFO memory and current value table, programmuig of 



VXIbus Bflckplane, DSP. Trigger, Rash Nlemorv. FIFO. 
0iid Current V«tue Table 



VXIbus BackplonD, DSR Trigger, Flash MetnpiY, FtR3. 
aiid Current Vufue Table 
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Fig. 2. lite shniiarilies and diflerenc^es b<»tw(^^n tht? components on llie (aj HP El 4 14 and 0>) HP E 141G scatimnj? analog-to-cligttal convalers. 
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the DSP flash memorjv and the \^TEbus memor>^ subsys- 
tem. Tliest^ areas represented over 50% of the software 
development 

DiBrerenees 

The parts of the d^ign where the two prtMiucts dilTer 
greatly are actually fewer ihari the areas of commoiiaUty, 
but these differences are required to tmnsfomi the HP 
E14 13 into a pressure scanning ADC. 

The HP E14I4 Ixits no si^ial ronditioning plug-ons. h has onh 
one iiuended input source. n;uiiely the pressure scanners 
fiToni PSI. Tliese scaimers represent a family of products that 
all interface in a common way tJiat is already preconditioned 
and eiimiiiates the need for ftnther signal contlitioning of 
tlie input sig)Uil,s, Input signids are alw^ays preconditioneci by 
PSI hai'dware lo ±5\" full scale. 

The HP E1413 performs many different kinds cif meiisure- 
meiit.s depending upon the signal conditioning plug-cjns, but 
the HP El4i4 perfomis only voltage or pressure nieastue' 
ments, Tlie HP E 1413 provides built-in tables for conveiting 
measured volts into resistance, temperature, or strain. Tlie 
HP E1414 peiforms a five-point pressure calibration and gen- 
erales its own conversion tables to convert measured volts 
into pressure each time the pressure scaiuters are calibrated. 

The IIP E1413 can only scan across its onboard captive 
64<4tannel multiplexer aatd make mixed measurements on 
those channels. The HP E1414 sources power to a maxhiumi 
of 512 PSI pressitre seamier channels and provides tiie nec- 
essary digital addressinj^ to select and measure those chatv 
nels. Tlte current value table for both products can hold 512 
readings, but the HP E 141 3 only makes use of the first 64. 
This is a good example of how the requirements for the HP 
E1414 were butU into the HI' E1413 design. 

The HP E1413 can antorange tlie ADC to the best range for 
the level of the inpiii received. The PSI scanner electronics 
always precondittt>n the electncal output of tlu^ pressiu-e 
1 1 imsducer to produce a signal i hat is within a ±5V range for 
a fuii-scalc input pressure. This nieatis the HP E1414 only 
needs one nieastuement ratige, namely a 5V range. The IIP 
E141>i uses binmy ranging to aid in the <*onven=!ton of volts 
to engineering units and at one time inch tiled ranges sut4i as 
IV, 4V, 16V, and so on. For the HP E1414 the 4V nutge was 
insurficient to <'over the W output rimge and the UW range 
would have resulted in redtjced resolution. Fort m^atelyj 
there was room for one more range settiitg resistor in the 
precision resistor pack in the HP E1413. The TiV range resis- 
tor vdue needed for the HP EMM was included in the 
empty resistor [>osit ion and otie precision resistor pack now 
sen es the needs of both tiroducts. 

Tlio HP E1414 must interface to the PSI interface electronics 
and scanneis in a predetennined way since these devices aie 
a stimdartl product frotn PSI and were in existence before the 
HP E1414 WiLs conceived. Tlie IIP EI4I4 essentially rephu-es 
I be sranntr digitizer miit tliat nomiHlly plu^s into the propri- 
et;uy backplane onhe PSI 8400 mainframe (.see Fig. 3). The 
connection to tlte pressure scanners is via the PSI 8488 cable 
which incUuies four analog buses, digital addressing, iuhI 
power to drive the scanners. (The PSI lUfssnre scanner rati 
permit up to Wnir rhantu^ls ro be addressed at one time, c^ach 



HPE1414 



C-Si2e Vl^bas Canlcsge 



Analog 
Signals 



RUN 




Input Pressure 

M^ as u rem em 

^ PDfts(atQ&4 

Inputs per 
Scanner} 



Eleclfdnic 
Pressure 
Scanner 



PtBSSure Calibrattofi Unes 

= Electncal 

^^^ =Ptieumstic 

PBU = Pressure SlankJng Unit 

PCU = Pressure Calibratien Unit 



Fig. 3- Stattdard .sy.sEf-ni ftjitfl^iimtiori furllie HP E1414 cdnnerteci 
tu the PSI 8400 fur talilji-ntjon and t^rc^^fuire trieai^ureriiFnt. Up to 512 
ptuninutTic irtptjls can be cormc?cted to die HP 1 4 14, 

soiireijig one of the fottr aiiaitjg inrsrs,) The HP El 4 14 con- 
tains ail of the needed aildt€\ss litte drivers bs well as tm on- 
board dc-to-fje converter power supply to provide up to 50W 
of power for the PSI electronies. This iichenie greatly siit^pli- 
Qcs the iLse of the combhted HP E14I4 tuid PSI scanners by 
making all of the necessary connections with one common 
cable and no external power supplies reqtdred. 

As shown in Fig, 2, the IIP E141:^ has channel multiplexirtg 
circuitry for 64 channels. It has a re] ay switch tV>r each rhan- 
nel, which is tisfd for culibrationand input piotection. Sixty 
of thcHe chanrteb aloni? with tliHr associated relay switches 
are deleted in the HP Ell 4 14 design. This leaves enotigh stu'- 
fac*e ^irea to snjiport rite control imtl power circttits for driv- 
ing the PSI sc ;iJiner adfires.s hues and the 1 IP-IB poit. Tlie 
HP E14I4 itseltonly stans ihrougli four analog channels, 
representing tlie four analoi^ buses in the PSI 8400 system, 

PSI pressure scanners aie hniited to 50-(.is minimum switch- 
hig times betw^een analog samples, which translates into 
20-kIIz miiximutn sccinning rates. However, since up to four 
channels can ciiive tlieir tespective analt^^ Ijuses shnitha- 
ncoiisly. a technittue called |>arallel addrt^ss iiiodt^ < an be 
used, whirh (>fTt'f lively ]iennits sc^mnnvg tlie MJC at up to 
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80 kHis. Til is is accoinplisluHl by s^unpliiig one rhaniicl on an 
luialo;^ bu^ aiul I hen rUisitig I lie next channel ou Ihal sajiie 
armlog Ihis ijnjne(iiau*ly al'terwaixi. Tliis pemiits each chan- 
nel to settle for more tliaji its required 50 us before it is mea- 
sured. However, since PSI 848S cable lengths can ran^e up 
to 100 meters ami introduce cat>atntive Ictading, tlit* searmiiij* 
rateH iov parallel adilress mode are specitletl ouly to 5(J kHz. 

Pressure Sensor CaJi brat ion 

The sysienvlevel call hrar ion ul ilie 1*S1 scanners retjuires 
fst)ecial sobwiiie iuul lujrdware to giirtrantee tliat accurate 
pressure measurement*^ die taken. This catibration begins 
by first positioning a piston contained in each electronic 
pressure scanner to the CALiJosilion (see Fig. ^J). The C'AL 
position connects all input pressure ports on the pressure 
sratnu^rs to a single input called CAL, I'lien, live known 
pressures over the range of the iraiisducer are applied In the 
CAL port via a Kl pressure calibratitni unit. The HP K1414 
comnuiJiicates via the HP-IB (IHEH 488. L lEC' ^^25) whh the 
PSI 8400 main frame, which houses the pressure calibration 
units, l.'p to G4 readings are taken mid averaged hy the HP 
E14i4 with the aiiak)g sigiuds obtatJied via the PSI B4B8 
cable, A live-point volLs-verstt.s-pressure cui-ve for eaih 
scajiner port is calculaied, and a lineaiizaiion table \h gener- 
ated and downloade<i into tbe HP E 14 14s digital signal pro- 
cessor (DSP) memory foi' lugli-speed conversion. Once tbe 
calibration is completed, tbe piston in each scanner is 
driven in the opjKjsite (iijeclion to the Kl«N position. In the 
RUN posh ion ujd<nown pressure i]4>uJs (Votn the device 
under test iue directed to the now ciilibrated presstue scmi- 
ners. The pressure blankijig miits sbowu in Fig. 3 aie used to 
fill emf>ty slots in tbe PSI 8400 mainframe since its back- 
plane t'OJisists of both electrical and pneumatic signals. 

Different Memory Requireiiients 

Tlie HP E1413 hiis lincLuization tables already built into its 
memoi7' ^intl it sui.i}>oits N I ST- traceable liansdia ei^ anrl 
custom litieaiizalion loi' tip to tM channels. The HP BI414 
nuist suptKiri ctistoor linearizatitai tables imd calibration 
eoefllcients for uti to 512 chaiuiels, wliicb requires nuu'h 
more RA.M. This adticd memoiy is provided by incre^ising 
tile available HAM from 128K It.i-bit words to >12K words. 
The atlded mejnory retjuireiiienf was anticipaled early in Tlie 
design of the products and decoding for It was buih hito the 
gate arrays mid PAL of the HP E 141-^ so that these designs 
could !ve tlirecdy reused. 

Common Development Tools 

The saitie development tools were used for both products. 
Tbe use of HP UlM) Series 700 workstations networked to- 
gether whbin the design and manufacturing groups gi^atly 
enluuiced the design levt^rage ef foils by iillow uig easy ac- 
cess to common files aiKl application software tools. Two of 
these ap|>Ucatit)ns, which rmt oji tbe HP 9(H)0 Series 700 
workstatitms. ai'e die Design Cajjtiue System (DCS) ;uid tbe 
Piinted Circiut Design System (F\T)S). DC*S allowed coj>ies 
of design scbentalics to be easily copied and modified (or 
the definition and protluction dociunentation of the bomds 
circuit design as well as ibe internal circuit design of the 
gate arrays. PCDS allowed copies of one prhited circuit 



board design to lie easily cotjied iui<l modified for the d(^fini- 
tion aiul production documental ion of the pbysj( id laliited 
circuil design. Deletions from the HP E14i;J board design 
left about oO'Hf of tbe hoaid layout available, allowing the HP 
E1414'Speciric circuit sections to be placed in tbe spaces 
vacated by tbe deletions. 

The RMB-UX progrmmning Imiguage. a vei^hm of UV 
BASIC, allowed ettsy progranunatic nesting of the pniduct 
features mul perfonnance spt^'ibcations through compuTer- 
(*onIrolled test suites. Poning tbe HP E1414 driver to multi- 
ple plattbrms requirt^d both compiled SCPl and C i)rograni- 
ming, bn( die HI* Kl 4 14 is easily programmed from the IIP 
E1405/0 VXIhus conunand module^ using Rl\!B-nX over the 
Hr-IB. lliis makes production testing, troubleshooting, HP 
1T(; (Interactive Test CJeneratorJ progi-amming, and opera- 
tional testing nmch more accessible to a wide nu ige of inrli- 
viduals who nmy not have mi embedded computer or who 
aie not lamiliar with |irogrammiug in i\ Since PSI was faniil- 
im- with RMB4 ^X atid the PSI 8400 is m^ HP-JB <levice, they 
fourul it ijtjite easy to team the HP E1414. RMB-CX ;dso pro- 
vided a simple mem\s of updating the HP E14l4's onhoai'd 
Hash jirogrcun mi^mory as firmwiiie revisions w'eic* made. Test 
programs w^ritten in HMB-L^X for exercising the HP E1413 
cirt:uitiy v^ere easily modified to provide similar testing of 
tlte slightly different MP E141 1 cnrt^uit sections. 

Coin moil Schedules 

11 le IIP E14i'.i and E14i4 w^ere envisioned £is twx) needed 
piuls of a total solution to customers' problems and there- 
fore they were both under devejopmeni at die Siiuie time. 
The HP K14bl is I he more generic and higher-volume prod- 
uct. Witl^ tills basic pj'oject priority, the HP EI414 was alw^ays 
planned to be hehind in the schedide liy about two months. 
This allow^ed the HP E1414 to take atlv^yitage (jf the work 
done on the HP Ell 1-i mid a\^jid repeatuig some of tbe shoi1- 
1 en 1 1 ties ign i t e rat i< j n s t h at t h e 11 P E 1 4 Pi e xj ler ie 1 1 ce tl . f_K' er- 
all, die HP E 1414 design was much less iterative that! the HP 
E14i-^ because of the planned schedule spacing between the 
two products. This allowed die projert team to work heavilv 
on the specific HP El 114 designs while the HP E1413 team 
was deeijly iiuoKed in soh ing iiroblems tJiat were common 
to both products. 

Partnership between HP aiid PSI 

PS! is highly experiencetl in solving real-world pressure 
measuring at>|)li cat ions. Tbe company was organii^ed origi' 
nally lo take advantage of the fUnelopmeut of t)iezoiesisti\e 
pressme sensors when these devices became a retdity. Their 
inputs on lujw t.o imtdemenl iuul verify calibrations and lin- 
eaiizations w^ere invaluable in achieving the overall system 
accuracy tliat the HP E 14 11 is able to deliier when used 
Willi PSFs scamiei's and calilnalois. 

PSI has developed a very good customer base and an mider- 
stait«!ing of the nature of pressure measiuement ]jrolilems 
over mmiy years. This knowledge allows die flP E1414 to be 
presented effectively to pe{.jple who are iiiierested m makhig 
these inulticliannel scanned pressure measurements. These 
cusi timers may nt>i [ireviously have heen users of VXIbus 
products, whh'h offer broader capability- Conversely many 
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of ihe users of X'XItHis *»>^tenis have no! been able to lake 
adi'^aniage of the PSI prefisiire measureineni caijahitirvr^ be- 
cause PSI did not ha\e an offeruig in the \'XIbus format. 
Therefore, the IIP E1414 allows PSI users arf^ess to a new 
architeeture that is becoming more i^idely used. 

The pre^une scanners, the electronic interface hardware to 

the presiSiire scanners, and the pnemnati*:' ealibraiors are all 
manufactured eukI scjid separaieiy by PSJ. HP df>es not man- 
ufartiire any of rhene items for use* with the HP E14i4. but 
mttiout Uiein the HP El 414 coiikl noi perficirm any pressure 
measurements at aH. The HP E1414 has the built-in iJitell!- 
gence to automale the control and sequencing of the PSI 
hardware elements to provide a \lQbus (pressure measuring 
system that takes advantage of the existing PSI liardware 
fimcrionality. 

The HP E1414 had to interface with ait existing pnKhict 
definition and tKser model- To create a complete piTssure 
measuring system sohition from hardware that comes finm 
two different companies, tlie HP El 114 had to be compat- 
ible with the operational paiadigm of the already existing 
PSI B40(i system. This means tliai the pressine-tueiLsuring 
control language, tenuinolo^', chajinel luunhering scheme, 
and calibration methodolog,v had to kee|> the same look and 
feel as in the PSI 8400 sj^tem. PSI channel mmibers cone- 
spond to a nurnbenng scheme of rack or modular pressure 
scanners. Tins <*hannel numbering scheme^ identifies a par- 
ticular address to send on! on ilie i*S! 8488 cable, ^md it also 
dictates which analog bus withit) tlie cable is sampled. Il 
was also important that the HP E1414 take advatUage cjfall 
of the work that has been done on SCPI to make systent 
progranmiing easier and faster. Tliis presented the snftiA arp 
designer with a duillenge in nu^rgin^ die strengths of S(T*I 
with tlie need to prcKem a familiar interface to the experi* 
enced PSI eqiiipniem iisen 

The new HP E1414 pressure measurement language ex- 
pands in some areas from the PSI language. For example, 
the conuuand to conftgure the pre.Hsurt^ calibration unit in 
PS184()0langiiagi-is: 

PCI CRS, LRI\I, Pressure Mode, Tolerance, Majtimiim Pressure 

where CRS refers to a particular PSI 8400 frame and slot 
where a pressure ca!ibraiion unit mighl be addressed, and 
LRN is a number bt^tween 1 and 1:^ re |) res en ting a syniholic 
name assignerl to that pressure calihiation unit. Tlie syiubolic 
nimie is then required for otlu^r < onun<mds in the PSI systeni. 
Tlu' conespondiitg HP E1414 SCPI hmguage ^presentation Is: 

CALibrate[:PRESsitre] MODE CRS. Pressure Mode 
CALibratelPRESsurelJOLerance CRS, Tolerance 
CALibratei PRESsurefMAXPressure CRS. Maximum Pressure 

Note the adherence to the CRS designation. The LRN symbolic 
name is now an intenially generated parameter, so the pro- 
grammer only needs to remember the slot [josition of ibe 
[Jressure ralibraiinn tmit in the PSI 8400 mainfratne. 

Another cx]»ansion of the Ht'PI laugiiajie iH^niit.s the pro- 
giamming and query of a specific jiara meter thai is not 
availal>le in the PSI system. This beconies very hut'^Jrtant 
when supporting the HP EI 414 protlner Irom mtnm-diivcn 
soft wan^ pac kages stich as f IP VEE^ itnd HV IT(i. 



Testing the HP E1414/PSI System 

Pressure calibraifjrs. traitsducers, and the associated 
peripheral comjionents can be \'ery exi>eitsive since these 
are pneumadc devices that require precision jiiechaiueal 
and eleitric^al fabrication. Fig, 3 represenLs a single HP 
E14I4 ctmrigiiration with f^I com|K>nenfs. Some s>-stems 
cejuld Ik* much larger ^md include five or more pressure cali- 
bration units. 500 to 7-tO pressure channels (which requires 
multiple HP E 1414s), and multiple racks to hold the pres- 
sure scanneni. Testing the software imd hardwaje on such 
large j>>stenLS reciuireti sharing expensive equipmem befi^een 
IIP ami PSI The project team vsas able in develfjp the HP 
E1414 and its softw-aie dri\'er on a sysieni with jiifit two 
[jressure calibrarion units and only six pressure scanners. 
Multiple HP El ii4s could ha\e been used to .simulate large- 
point-couul systems under eertaiti conditions. However, for 
the most part die iinyect team had to rely on PSI for lai'ge- 
S3^tem Jesting, since they are the pressiu^e transducer manu- 
facturer and fretinetuly assemble large-polnt^oimt systems 
to be shipped to custoti^ers. 

To minitnize the need for such a wide array of expensive 
equit)ment Jind to refluce the many-hour testing time lequired 
to verify [irojjc^r o[)cration of softw;u-e and hardwaie. an HP 
SIOOO Series ;J00 computer with a B-size V'XIbus nuiinframe 
containing DAC cards wa*i const nicted hy the project team 
to simulate the operation of the PSI 84tKI, catibraiors, mid 
pressure sciuuiers. Each B-size DAC channel wascontteded 
to one of the four analog buses on each HP EI414. Some 
were cbairu^ti frotn IIP FA All tr» IIP E1414, and some had 
separate DAt's, A DAC cfumectefl to an analog hus sinm- 
lated a pressure ealihraiion unit. Any HP E 14 1 4 channel 
measured on that analog bus read I lie voltage t>iTTpul linni 
tlie associated DAC. 

Tlie simulator program was wntlen in HP RMB an([ used the 
HP *)Hb24A HI^dB f^ard conngured as a nonsystem i;fmtrolk^r. 
Another }\P JISOLIIA t arrl was used to coi an nm irate with the 
B-size VXlbi IS IVanie. T}ic sintnlahu" was written tr> simulate 
up to eight pressure cahbratiiMi units and i)e'rmlt simulation 
of an indefmite number of t>ressure scannii^g ports when HP 
EI414K have their analrig buses < haiiu-d lo the sauie DAC. 
Tlie time invest nu^nl in this simulator ha<i hl^ returns. Te^^ts 
could run (jtJicker since no real pneumatic devices were 
ri^sident in the system. This approach reduced the wear on 
such devices when executing long comprehensive tests by 
ehminating tliem from the tests. Other engineers wiituig 
drivers for IIP IDi could use Ihc sinmlalor rather than an 
actual H1VI*S1 systt^m to do their development. TliLs pcnuitted 
eoncurreni tievelopment of the HP E1414 and IIP ITCt drivers. 
DACs were easier In itianipulaif^ under soO ware contrtjl tf> 
simulate air leaks, failure condi lions, and input voltage t over- 
loads. It was also easier to ehaia«^ierize the measiuement 
integrity of the system liy having direct cotitroi of input 
voltagf*s. 

Many of the regression tests for the HP El 4 13 were easily 
modified to tost the HF* E1414. Changes consisted mainly of 
chLuinel-numheriug dilTerences liclween the two luoduets. 
These t(*sts included triggering, rtu-asurernetUs, F1K(4 mem- 
ory ami emrent value tal»le iiUegrity, and intemit>ts. The 
selMesI code for the HP E1414 was literally fluplicated froiu 
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the HV E1413 cotle witfi only del el ions and ohaiij^es in chm\- 
neJ counl and ninnberinj^. This code iniTinlly took weeks to 
write for tlu^ J IF El 113. Imi il was leveraged to the HP 
Ei4J4 and tested in less than a week, 

PSI currently runs e\^ery system they build, whether VXIba*i- 
based or not, llirough the UP El 114 configiiralion to verify 
that various combinations of pressure f^lihratirjn units and 
jjressure st^aiujers properly operate with the IIP E1414. PSfs 
dedication to detaii and nn<]ersfandi!ig of pressure me^Lsiu'e- 
meni problettis hiis uneove!e<l a variety of poT(miial jjrob- 
lenis. Many of these types of problems would only be recog- 
nized by someone with many years of pressure scanniitg 
experience. Tlieu' expcncnce saved many hours of trial and 
eiTor that would have been wastetl by tlie project team. 

Customer Support and Training 

Rei>airing r^r replacing an HP E1414 cmTl when it fails is a 
straightfoiTvard oj aeration tliat is well-<iefined within HP The 
SCPI cimimaiid *TST? |>erfonns a reasonably com[irehensive 
self-test of tiie IIP E1414s hardware and can pinpt>int most 
failures. However, some problems may reside elsewhere 
such as m the computer platfonu. the PSI haidware, the 
tubing or cabling, or improper programming sequences. 
DeteiTnininj^ where a problem Mes can be frusti'ating when 
some or all of these factors combine. 

Since the HP E1411 driver can nm on HP ItOOO Series ^00 to 
700 machines nmning the HP-UX"^ operating system. Radisys 
EPt'-7 DOS/I.ynx sysleit^s. or on the HP E14(1M) VXIbus 
command nuxink% the ctnnhinaiions of possible fmiures 
escalate. In additiotu PSI did not develop tlie HP EI414 
driver nor do tiiey have the resources to suppoit all tliese 
I platforms. To resolv*^ these issues, a common tronl^leshoot- 
mg technique and haidware configmation was established 
that is usable by both HP and PSI that has the best interests 
of the customer in mind. 

The HP E1405/G conmimid module has idready been the IIP 
customer engineer's tool for isolaflng tiroblenis in the VXI- 
bus environment* h is a heli)rnl MkjJ since it contains or ciin 
be i.>t*ograJumetl witii all Tlie HP VXIlnis card driver^j, 1^ tui 
HP-IB device and a \OQbus resoiuct-^ nianager, has a terminal 
interface port, and can nm HP Instrument BASIC for easy 
access to instrument drivei^ and hanlware. In adttilion, the 
IIP E 1405/0 hits a comprehensive delnigging l^uiguage to 
heltJ resolve potential VXIbus card C{>ntlictsand faihjres. 
With HP histnunenl BASK' mul an externa] HIMB Oexible 
disk drive, tlie HP eiLstonier engineer can nm tUagnostir 
programs that cmi help isolate where problems nilght reside. 
Tliis ehminates die need for die HP customer engineer or tlie 
PSI support engineer to be an expert with every computer 
platform. 

PSI has written a comprehensi\'e aut{>ac rmacy and test 
diagnostic that comniimicates over the HP-IB witli die HP 
E1405/6 conimand module from a poi1al>le PC* fir IIP 9000 
Series 300 computer With tliis diagnostic, tlie HP customer 
engineer or the PSI suppoit cnghieer can more tjuickiy iso- 
late system difliciUties- If the conclusion Is that the in oblem 
is i^elated to the computer platform or the VXIbiLs haidw^n-e, 
tlien the IIP suiJt>on orgiUiization ctm help resol\'e die proh- 
leUL If it is related to tlie pressiu'e scanning equipment, PSI 



can help resolve the problem. In either case, a common 
diagnostic tool is available for botii comiiajiies. 

With this common diagnostic tool available, support training 
now focuses on understanding the system from that per- 
spective. This tool helps reduce the number of vaiiables 
resulting from mult i pie computer platforms. 

Conclusion 

Pari ne ring with experts increases the ceriainty tliat the 
neetls oj' the customer will Ije met liy the product. The ex- 
pert partner not only pro\'ides knowledge of tlie customer 
neecis but also has gained valuable experience tlirough time 
spent in actually solving those needs and imderstanding 
real' wo rid applications. PSI h at i this lypt^ of knowledge in 
the ai'ea of pressure measnren^ent in jet engine testing and 
wind ttmnel applications, while HP i>rov1ded the high-speed 
ADC (conversion and at'Si)eed engineeritig units ernnersion 
and \TQbus system knowledge to afldress Uie overall test 
syst em tliroughput issues. 

Leveraging one product design from another can be veiy 
positive. Tlie same team and tools that develop the fi fst 
product can help develop the sec^ond. This second develop- 
lueni effort can i>e clone either simtiltaneously or in series, 
i>ut the efloil to do tiie second one is gtiing to lie les?^ Ifecause 
all of ijie various activities involved ui the development are 
now simply refinements or modifications of the original. The 
mental images of how the tirst product was done guicie the 
developers in itlentifyiug hov^' tlie required differences in 
functions eajt easily be achieveti. This carries over into ail 
aspects of the develoi^ment including design, test, production 
systemSt and learning pj^oducts development . 

The results we were able to achieve on the HP E1414 lever- 
aged developtner^t have mel ti early all of the objectives and 
schedules that we originally set foitlL The HP El 4] 4 was 
releasetl to production with only twf> printed ciicuit board 
design cycles: the first prototype and tiie released version. 
Tins is always a project objective but in many crises unfore- 
seen jiroblenis thai come up late in a development can force 
yet taie more ton\ of the hoaid design. Througli the work 
done on die HP E1413 and a two-month delaye(i schedule 
plan, the HP E14I4 was able to mcorporate many of the 
early clianges fiom the IIP E141:J's fin^t boaids into tin* tii-st 
board of tiie in^ E1414. The overall system peitormance has 
met or exceeded all of our expectations and the combmed 
PSI hardware (interfaces, scanners, jjressure calibration 
unites) ajid HP EI414 work weU together. The system acc'ura- 
cies ai'e as good as a PSI 8400 system can su|ipiy in j\ on VXI- 
bus systeuLs. Testing at Ijoth HP and PSI has sIkjwm diat 
laige-point-count systems can be configmed and operated 
effectively while achieving 0.05% of full-scale accuracies. 

Ac kn o wl edgme n t s 

Hie success of rhe Hl^ Ei414A design, uiiplementation, test- 
ing, and release can be attiibuted to the HP E1413A project 
team: Von Campbell (jiroject leader), Ron Riedel (,ADC de- 
sign), Geny Raak (cahbration circuitry- and test softwaie). 
John da Cunlia (SCP design), Greg Hill and Dan Yee ( VXIbiis 
uitcrfaee. FIFO and c iirreni value table, and nigger subsys- 
tem), Chris Kelley aiid Dave Rick (DSP finnware), and Paul 
Sherwooti (HP E14K1A driver). Many constderations were 
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Integrated Pin Electronics 
for Automatic Test Equipment 

A single integrated circuit provides complete pin electronics for the HP 
9493 mixed signal LSI test system, it contains a high-speed digital driver, 
an active load, a window comparator, and a parametric tester for setting a 
voltage and measuring current. 

by James W. Grace, David M, DiPietro, Akito Kishida, and Kenji Klnsho 



As system designers increase the degree of integration of 
tJietf systems, the finictionality of large-scale integi'ated (LSI) 
circuits becomes more coniplex and varied. As a result, l(j 
verify the operation of an LSI cliip on a wafer and to certify 
afeiished device as a good one. two nig^jor requiiemenls 
must be met. First, the LSI test sysient must be equipped 
mlh higher pin com if c apahiliiy ^o test these highly inte- 
giated de\ices. However, in meeting this tirsl requirement, 
the size of the system may increase greatly and inhibit the 
use of peripheral equipment in con finer 1 spaces. Se( tjnd, the 
test system nuist have much higher throui^hjjitt to n\hiimize 
the test cost, wliich nuist be includetl in the selhng cost of 
the device. To meet this riH|uirement, the test system itself 
needs improved functionality. One way to provide this is to 
equip the system with many more resources. However, this 
may also expand tiie size of the system. 

The HP Mm mixed signal LSI test system (Fig. 1) is de- 
signed to meet both ofttiese requirements wliile retaining 
the abihty to oi>erale in confined spaces. The muuber of 
digital pins is increased to 256 pins, double the number of 
pins of previous products, wi^ilc peripheral e(|uijnnent can 
easily lie uye<i close to the test head^ which is the same size 
as in previous designs. 



Arehitectiire 

Tlie models of lire HP 9490 Series employ the concept of 
ha\ing in one tester all of tlie resources necessaiy to provide 
the fimctions of digital, analog, time, and dc n\easurementfs. 
Tliis tillows many Itinds of test signals, especially digital sig- 
niUs such as address, data, clock, anti control signals, to be 
generated <^r received at all pins at t he same time* 

Fig. 2 is a block diagram of the aiThitecture of the HP 9493 
LSI test system. Tlie digital test subsystem consists of the 
sequencers, captiu"e memojry, timing vector generators, per- 
pin digital electronics, and per-pin de electronics. The syn- 
tiiro pipe consists of special hardwat e to s>iiclu'onize op- 
eration of the digital test subsystem and the analog test 
subsystems such as the arbhraty wavefomi generators and 
the w^aveform ciigit izers- The timing vector generator and 
the per-pin digital electronics are the per-pin digital test 
resources. I'p to 25ti digital chamiels can be installeff 

The timing vector generators, which generate the pro- 
gi^Mumed tt^st pat tents, are located in the test .system cat>inet. 
There is one timing vector generator for each inn. The same 
number of digital and dc pm electronics blocks, located m 
the test bead, woi-k independently in accordance with the 




Fig. 1. The HP 94M mixed signal 
LSI Leiit sj^stem has up to 256 
pins and dual sliin-design test 
heads to allow um of peripheral 
equipment in confined sj>aties. 
Tlie system shown iias two test 
lieatls, three monitors, and 2¥i 
equipment bays. 
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Fig. 2. Arf'htEPdiirr of Uu 111' 'JVJ'-] inixeti signal LSI test system. Each \nn is rquip|MH| wlih ImMi Uigiial imd dv resources. 



dfriruHi pailt^ms litmentUHi by the tiniinj^ vpclf>r grneraton?, 
Tlii^ lt*sl heiui ia tlu^ Lnlc'rfy.4'o for trst signals i)etw(*eii tJit* 
OUT (dc»%ice under test) aiid the LSI test sysfcem. The [lin 
plertrfHiies ^etieraie or leci^ivT fligilal signals and <ie inea- 
surenient^ at thc^ front end of the DVT This pei^pin aiThiter- 
tare gives the systefn improved tlirotighpul and the ability to 
interface vaiions kinds of sigiuiJs ill the testing of LSI devices. 

In afk])!ion to the pin electronics, many other hardware 
fnnctioiTs are buih into the te^t hea<l Tlie IIP D49:i has a 
niaxtminn ciifmeily of 25ti digital pins, an*l to reduce the sisie 
(if tlic test system, tf^e test liead needs to be small The test 
tit*ad was can^fully ciesigncni to ineotporate liolh small size 
anct total fuiictionahty. This saves floor sjiace ^yid makes the 
system easier to liajulh\ 

Pin Electroiiics Ftinctiotis 

I' or LSI testing, the fohowing functions are necessaiy: 
' Driving formatted digital i>attems u> the 1)1 Tat arlutrary 

voltage levels 
' (aijTunng digital |>athTns from the UrTiiful Mf'ttln^ the 

results of timing meiisutementsal arbitrar>' ihreshold levels 



• Dynamically defining the load conditions at the outpirt port^ 
oftheDIT 

• VTEVl (voliage force ajid current measitre) and IFVM (current 
force and voltage measure L wJrielr are iisert ff>r c*>nttnuity 
tests, supply voltages, input cunenis, ^uvd leakage current 
measiurements. 

Tile pin elecirfjnics are resiH>risil>U' for perfia'ming these 
funt tiojis, llie following circuits are necessary for providing 
various test, capabilities in the HP 9403 mixed signal LSI test 
system, 

• Pin d rivet: The pin driver generates the f digital test signals to 
the DVT, The maxinntm data rate is 128 MHz. 

• Pin comparator The pin comparatt^r ret eivcs the digital 
signals from the OUT anfl compfires t lie signal levels with 
the refcreiue vijltage. The mMxiiiimn data rale is 128 Mil/i. 

• Active load. Tlie active load receiM\s and tennitiates the digi- 
tal signals from the DIJT. It also delivers the prognimmahle 
cuiTcnt load to the DIT. 

• VFIM. The VFIM function applies a eotistant voltage to the 
Dl'T and meastu-es the currem flowing into or otti of tlie 

Din: 
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■ IFVM. The IIA'M function applies a consl^ant cuireni lo llie 
DUT ai\d measures the output voltage of tlie DUT. Tliis 
function iLses a successive approximation method and the 
progranuTiable cuiTent of tlie active ioad. 

Wp wanted Lo iower costs, increase fluictional pin capability, 
and douijje the pin count in the same test head volume. One 
way to acliieve tJiis is to combine functions witliin an IC 
chip and minimize the external components servicing the 
chip. Pin eleciroitics have needed quite diffeient technolo- 
gies to perfonn their functions — one technology' was used 
for the iiigh-speed circititij ( maximimT frequency up to 128 
MIIzJh wiiile anotlier was used foi' the i>recision dc ciicuits 
(resolution as Iiigh as 2.5 mV and 3 riA). We tlecided that tlie 
way to cotribine these hmctions was to design a custom 
monolithic analog ASIC (application-specific integrated cir- 
cuit) tiiat would include everything except the successive 
approxiniat i on c i re ui ts . 

Pin Board on a Chip 

This goal of combumig the t>er-pin di^itid and dc electi^onics 
is reahzed in the PBOC, an acronyrti for pin board on a chip. 
The PBOC contains in a single chip a high-speed digital 
driver, an active load, a wiTul<jw comparator, a parametric 
tester for setting a voltage and measuring current, and 
control circuitry- 

A functional block diagram ol the PB(JC is slioi^^i m Fig. 3. 

The IC fabrication process was chosen for its device attrib- 
utes of high speed and liigh voltage. Because of very low 
leakage reciuirements and variable chit^ temperatures, great 
efTort went iiilu minimizing aH leakage pal t is, ijieluding de- 
vice -to-devi(?e, de\1ce-to-substrate, and invei'sion paths. This 
was aceompilished by usmg appropriate channel stops tmd 
metal guarding of the integrated components. 

Tlie object I ves of the cliip were: 

• Low cost 

• Eight channels on one board for a 25(>-pin system 

• Minimimi external components on the board 

• Demanding linearit^'^ and acciuracy si>ecirications 

• CompatibUity with previous system designs. 

Key featiues of tlie PBOC are: 

• Pin driven pin comparator, active load, arid VFIM in 
one chip 

• Ofjerat Jug frequency up to 12S MHz (64 MH^ for large- 
amplitude jmlsesj 

• Pin driver current to 35 mA 

• Short-circuit ]:)rotect]on 

• Active load capability to sink or source 35 iiiA 

• Two-nanosecond capture pnlse width for the pui comparator 

• Three VFIM ranges: 6 ^lA, 200 ^A. mid b mA 

• On-chip measurement rc^sistors 

• On-eliip range changing capabilitj^ 

• On-chip temperature comj>ensation- 

The main objective of the PBOC' cliip was to achie\ e a low- 
cost solution by mchiding both analog mid digital functions 
on one cliip, Tlie cMp fmictions are hiieai- widun 0,05% to 
0A%, which simplifies calibration because it means that the 
functions otily have to be caJib rated at two points. This also 
lowers the cost of the system. 



JS^^Sf^m 




VF-VW 



Fig. 3* BiocI: dJagram of tite pin board on a c]-\\\:\ (PBOC) Lntegrated 
utrcuit. 

Pin Driver Tlie pin driver drives the outjiiil terminal to either 
VOH or VOL accortiuig to the DHI and DHI8 ECL inputs. A special 
override using ITL inptits sets the driver to eitlier an on or 
an off condition by overiidlng tlie enable function. VOH and 
VOL me set by analog voltage inputs lo OVH and DVL, Fij^. 4 
shows the functional block diagi'ant of the pin driven 

Tfie pill driver output can be put into a high-impedance 
mode by ECL inputs DRVEN and DRVENB in normal operation 
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Fig. 4* Pjxi driver ftinclianal scheiriatic ilkigram. 

or by the internal DON and DQF Lontrol riinctions, which are 
data iii|)Lits to tlie cliip. 

The pin driver provides a programmable ontpnt voltage of 
-2.1V to 7\' with 12-bit resolution, 0.05% linetirity, a 50-ohrii 
output imped ant- 1 ^ and a tTistale output (higli logic leveit 
low logic level, liigli impedance). It can sink or source more 
than 70 niA for ac opemtion. 

Pin Comparator. The pin comparator is a two-channei window 
comjjarator that compares tlic input signal again .st two refer- 
ence voltages CVH and CVL. Tlu^ P:CL oufputs ( QA and QA8, QB 
tuid QQB) indicate wlicther Ihe input \Tjhage is higher or 
lower th^in each reference voltage. Tlie outputs are balanced 
ECLlOK-compatilile signals dri\dng lOO-otmi twisled pair 
wires. ITU^ m\d ITtB ;ire TTL-comi>atihle signals used for sys- 
tem setup ealibration; their inclusion climinciis.'s an exl^^mal 
signal conversion ciiciiit for the tcslcr rnnn tiller. 

Fig. 5 is the functional block tiiagram of the pin coniparattn'. 
The coini.>arators have ty]iical hysteresis voltages of 2.8 inV 
and typical offset voltages of 1 to 2 mV. The input range is 
front "2.1 volts to +7 volts. The compttratoi' is catiiii>le r>f o|>- 
erating at over 128 MHz and lias the al)ility to capture h i>utse 
less tlian 2 nanosecotKls in width. II lias a combinatH>MaJ 
ECL logic output and an input iinpedancie of 4 megohnis» 

Active Load, The active load loads tlie DVT with a sijccificd 
cuiTi^til programmable from analog voltage inijuts VSC imd 
VSK. Fig. () is Hie functional block diagram of thr active load. 

if the voltage of tlie output terminal is higher titan the com- 
mutation \-oltage (A/CM). Wwn I he cur tent progranmiefl by VSK 
will be sunk from the Dl'T ouiiJtil lenmnaL If tlie %-oltage of 
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Fig, 5. Piti cnritiuiralor rujiciuuiiil schema tir dlagratn. 
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Fig* 6, Active Itjad funf'n<Ki;^[ ^rii.^niatjr- diagrBm. 

the output terminal is lower thi^m VCM, then the ciurrent pro- 
granmied by VSC ^siJl be sourced to the output temiitia]. Wlien 
the voltage a! the oiitpu! terming is uear VCM, ilien the out- 
put current characteristics show a reiiistive hiipedaiK-e of 50 
ohms. Tlie voUage-current relationship is shown in Fig. 7. 
Notice I hat wl\en the voltage fVCM ±r}lTT voltage) is greater 
than tlie sink current times 50 ohms or less than the som"ce 
ciuTent times 50 ohms, the output becomes high-inipedance 
and tJie DUT sees only the current being applied. 

Tlie relationslup between the somre current (ISCJ or suik 
current (ISK) aiid the current control voltage (VSC and VSK) is 
given by die folloAving: 

ISC = VSC/RSCxGJSC 

ISK^VSK/RSKxGJSK, 

where RSC = RSK = 4 kilolims and G.ISC = G.ISK = 20 (typical), 

Jiie active load's high-impedance function is controlled by 
the enable signals LDEN antl tDENS, vvhi<"h are balanecd 
KC'LIOK injjut signals. Iti normal opeiation, ti signal using 
ITL inputs cm\ oveiTide the enal>le signals ant I activate or 
deacdvate the load circtiit. This condition is tisecl for setup 
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Fig. 7. Ar rive iiKiri vt?!rngE -rnrn tit n-btinnshiiu 
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Fig* H. Voltage forre euhI curreiil nieasyrp (ITIM) drfiilt raiirtior^al seli*niia!ir (ifagr^afii. 



axiti cajibration. It is aii abnormal operation in whicli excess 
power is dissipatc»d on tlie cliip. Extcnial to the cMp, DRVEN 
and LOENB are comirctod togetlier and DRVENB and LDEN are 
connected togetlier sucii thai only out* circuit [driver or 
active load) is operational at any time. 

In the* off condition, the active load lias a liigh-inipedance 
output state and its power consumption i.^ Tniniiuizeit 

The fLuictioiis of the active load are realized witli a few exter- 
nal components, mchiding a p-n-p transistor, a Schotlky ctiode 
bridge, two capacitors, and three resistors. The resistors are 
for setting stjurce antl sink currents a^id tor adjusting rlie nul - 
put impedance (50 olims) in the resistive termination region. 

The active load can sink or source from IM uA to 35 luA wilh 
voltage compliance of-2JV to 7\^ It has 12-bit resolution, 
iinearity of 0J%, and an outi>iit impedance of 50 ohms. In 
the current sinking or sourring mode, the output impedance 
is more 1 ban one megohm. 

Voltage Force and Current Measure (VFIIW) Circuit The VFLVl 
circuit is the portion of tbe PBOC' tliat j>ei1omis tlie ijrec*i- 
sion vohage force, current sense, and cuireiU Ijrtiitiug butc- 
tians of a voltage force driver measuring system. DesigiT 
emphasis was on liigh resolution and accuracy spanning a 



range of force voltages I'rom ^2.1 la +T vnhs and c lurent 
sense ranges of 6 |aA, 200 ^lA, aiul f> niA. 

Fig. 8 is the fimctional block diagram of the VFIM circuit. 
Tlie \T1M input voltage VFIN. wfuch is derived from tbe pin 
board circuitry, is an analog voltage source ranging from 
-2,1 to +7 volts. VFIW is l>ulfer'erl and ap[)lied to a cinreuT 
measure resisKu Rm- A buffered loop compensates for the 
drop across Rm and prodtices VFOUT. The oiujiut current is 
measured by measuiing the voltage drop acioss Uie lemiinals 
of R^. Loati cunenl may flow in either direction through Rjv^ 
Tlie resistor voltage (irop is convert eti to a single-ended out- 
put, amplified to 4 volts full scale, and offset by +2,5 volls. 
Tlie offset is needed to acconumxJate the operadng voltage 
range of I he pin board, which fvmciions as both digual-to- 
analog atvd anaiog-lo-digital converter. Tiie result is VIMO. 
which ranges bom -1.5 to +6.5 volts. A current limiter limits 
the o til put current to about 135% of each range. 

The current measurement ranges are controlled by an inter- 
tuil register progratnmefl by the test system contniller. Three 
\alues of measure resistors are switched in iuul out of the 
circuit to achieve the three current ranges. The rate of vran- 
sition between current measure rangt^s is c'ontroUed Lvy ex- 
ternal capacitors ;ind Ote range blocks in Fig. 8. During range 
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Fig, 9. f'onttol rjrenit functkHxal scheniatlc [fiagjam- 

cliaiigf iransititms, the feedback resistor Rp is shunted by a 
low resisiaiire, tliereby decreasing ihe response time of the 
voltage force loop. This feature effeinively rethtces the 
heigli! of Uie spike generated duniig range chimgeK. 

Nine external components are required for the VFIM Itinc- 
tion. C'apacitorCf is required for compensation mid stability 
of the voltage force loop, (.'apacitor t't u is regtiired for sta- 
bility of the drive mnplifier Capacitor C^ fonns a low-pass 
[filter in tlie ciirrent nieasnre t>ath. Resistor fipj sets the gain 
of the ciiirent iiTeasiire path. Resistor Rp is requirecl for tlie 
voltage force feedback path and Rj is a matching resistor for 
the VFIIM input. Capacitors Cjn^ Cp| and Cf^2 '^^ re<:|idred to 
contiol the spee<:l of the nmgc changes. 

The VFIM circuit can measure currents front 3 tiA to (i rnA 
in three rattges of fi iiA, 200 ^tA, and 6 niA full senate. Tlie 
circuit has \'oitage and current luiearities of 0.05%, current 
conunon-mode rejection of 0.1%, and 12-bit voltage and 
current resolution. 

Control Hie coiUrtjl circuitry (see Fig. 9) controls the VMM 
range chmiges and turns the djlver and active load circuils 
on tuul off. Uw inputs CtKB, RESETB. DPCl. OPCZ, DO. Dh imd D2 
are TTL signals. The data is cajjtured in D flip-notis, which 
then logitally conti^ol the functions of the chip. 

Tlie data injnit, reset, and chx-k signals are generaterJ from 
other HP custom integrated circuits so as to mininuze exter- 
nal components and reduce tht^ pin count of Ihe ICs used. 
I'his gjeaUy recttices die pin board area needed for supporting 
eight channels. 



Design Limitations and Challenges 

Tlie PBOC is used as a R^irufii iur an existing automatic test 
system. Tliis constrained the design of the chip, h limited the 
choice of IIP silicon fabrication processes and required the 
use of preselected automatic test system voltage supphes 
and confonnajice io preselected control conditions. It also 
required the use of diffusion resistors { nonlinear and lem- 
pentfure sensitive) and liiglvvoltage biasing of coniponetils. 
Voltage breakdown limitations, leakage currents, and chip 
temperatiu'e excursions had to be dealt witli. 

Design challenges for the pin driver included a fast slew 
rate, accurate amphtude, a low-leakage tristate output, non- 
loading capacitance in the off state, an all n-p-n transistor 
push-pull desigi^ to niinitnize power consumption, and tinker 
enable and disai>le capabiUty. 

The acti^'C load required <'on^ersion of mpiit voltages to out- 
put cuitcjUs. the abiht>' to enable and disable the suik and 
source ( urrents. the abihty to monitor beta ajid compensate 
for base eunents, and a hnoarized cuiTeni range. 

The comparator required fast capture times, small propaga- 
tion delays, small input hysteresis voltage^ and high mput 
itnpedattce. 

The paranietric tester required range changing without over- 
shoot and withui time limits, :;l-nA sejisitivity and accmacy 
niaintiuned ovei' cliip lenipcratitrc mid voltage exclusions, 
linearity of 0.06% for both voltage output and ciurent mea- 
suren^ent, and conversion of the current being measured to 
a voltage oufput. 

Solutions and Implementation 

The fhiver consists of buffer circuits for setting (>uti)ul levels 
and a ramp circuit to drive ihe output unity-gain liufler-driver 
The bulTer-drivpr consists of an ah wp-n trai\sistor rojiOgura- 
tion. The push-pull effect is achieved by a variable pulldown 
current dependent on the state of the driver. A controlling 
circuit cooRiinatcs the ram|> and push-tiull catiai)ility of the 
IjulTer-d riven 

The active load consists of transcon due lance anij^liHets to 
change voltage inputs t(> known currents. These (Currents art^ 
then iunplihed v^ith a gidn of 20 lu produce the ISC and ISK 
outi>ut fiuients. The circuit must att;:dn its programmed out- 
tnil value from an off <'Otidilion in 20 nanoseconds. To miike 
this passible, the current ainpli Tier capacitors are i^rcx-hargerl 
so tliat the amplifiers reach the proper biasing voltages 
quickly. 

The iSC output current needs to be corrected for the base 
cunent cjf the external i>n-p tra;isist(3r. Tlus Is done by sens- 
ing the base citirent and reapplying it within the cuiTcnt 
amphfier. This corrects for gain variation, noniine^uity, iuul 
oulj.jut impedance vailation over the entire current range^ 

Tlie ISK output ciurent rec|uires a siinihu' coiTcctifJU for the 
internal n-ji-n trajisistor. In addition, lUe cuneni jutxluced 
by the input transconductance amplifier is mirroretl ami 
then aniphfied 20 times. Additional connection is provided by 
a linearizing circuit. Again, the base cunent (if the oytj>ut 
transi.stor is sensed and rt^apijlied within tin* curreni iunpli- 
ller ThiSj as befoje, correcis for gain \ariaiiiin, nonlineatity. 
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Fig. 10, Nonlinear tlilTused resistor ( lii%i\ shewing ilcpenricnce of 

resistance on bias voltage*. 

and output inijipdaiice variation over tlic entire cuiTent 
range. 

Tlie conipaialor requires input current cancellation to pro- 
duce the high input impedance. This is accomphshed by sens- 
ing a replication of the base current oFthe input iraiisistor 
and siibtmcting it from the input node. 

VFIM Current Measyring Resistors, One of tiie most creative 
solutions used in the PBGC was the design of the nieastii'e 
resistors Rm ^'ot measuring cuireuts in the VFIM cu-cuit. Dif- 
fused resistors are inherenily nonlineiu' wlien used at differ- 
ent voUage i:>ias ctniditions. Our objective was to produce 
resistors that have hnearities better than 0.05% over their 
fiiU operating ciuTeni range, do not change value over the 
common-mode voltage range, and are rvoi affected by leak- 
age paths. The VFIM circuit n^easures currents from '^ nA to 
6 niA and tolerates conunon-mode voltages from -3 volts to 
+8 volts about groimd. For these ranges we needed to have 
IfiO-olim, BOOO-ohni, U>0,000-ohm, and Kl 00 O-oJmi resistors 
tiiat had matching characteristics o\er lite oi)eratiivg cunent 
and voltage conditions and temperature variations. 

Diffused resistor values vary with biasing potential (F'ig. 10). 
By Ijiasing a resistoi' su that onc^ end is forward biased by a 
small amount and tlie other end is reverse biased the smne 
amoiutt with respect to the epitiixial ishmd, the nouKnear 
effects are cauceUed. The resultijig resistor element fias the 
same value whetlier it is operating at full cun'ent or ^ertj 
current. 

The solution is to bias a resistor elenTeut so that the poten- 
tial at Its center equals tlie resistor island potential as shown 
in Fig, 11. Tliis makes the ^^oltage excursion of the resistor 
ends about the center equitl. so tlie resistor retains its value 
and linearity. 1lie larger I lie nmnher of elements used the 
more lir\ear t he resistor becomes. We settled upon five ele- 
ments to produce each resistor. The resistors Ri. H2t ^^tl R3 
are p-t>pe diffused resistors in an n-ty^^e epitaxial ishuid. 
I'he measurement resistor R] is symmetrically fonvard and 
reverse biased by no more than 0.1 volt. This minimizes the 
forward biased injection and the fonvaid bittsed current is 



WTap 



-K^ 



> 



Sub^at^ 



Fig. 1 1 

diodes. 



f >iK- t^lpuieot of thf iTveasure resistor, shoeing paras i tie 



cancelleti to a certain extent by the reverse leakage. Resis- 
tors R^ and R;^ bias the island at luidpoint. TJiese resistors 
also bias the resistor island to the sulisuate potentiiil to 
eliminate tliis leakage patii. Fig. 1 1 shows the resistors and 
tiie resistor-to- island and suhstiate-to- island parasitic 
diodes. 

The way the resistors are biased also helps eUnunate leakage 
cunents so that even at high (eniperature, the 3-i\j\ caj^abil- 
ity is ket^t intact. Fig. 12 slu>\^s the live elements timt make 
up a measuring resistor 'Iliey form a biasing string and a 
complete measvuement resistor. Low-impedance drivers 








MeasurBineiit 
Hesisttir 



Fig. 12. The complete measure resistor consists of five elements in 
series. The Ho 'ii^d % resistOFK form a bias string. 
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tliive the bias string of R^ and Rs resistors wliich bias the Ri 
resistoi^ at midpoim and remove leakages to the substrate. 

The cimcnt mcastirc amplifier of Fig. 8 has its resistors em- 
bedtietJ iix Oie measure resistor region so that mismatch and 
thermal effects are aOe\iated, These resistors ^ilso have five 
t^lements which arT biased at their midpoints, Tliis allows the 
measm'e amplifier ourpot eun'ent at node VIMX to he an ex- 
act replica of the current being measured times some amjj li- 
ft cation factor determined by the resistor ratios. The output 
current sets up a voltage drop across an external precision 
resistor. The resultant voltage is measured by otlier analog- 
to-digital converters in the system. 

The layout of the measiure resistors ensures good thermal 
equalization between the elements, t lood matt hing of resis- 
tors differing in vaitie hy 1000: 1 was accomplished by series 
and parallel connection of resistor elements of the same 
widtfi. iis Is eustomaiy in IC design. For examjjle, 40 1 280- 
ohm resistors ai'e connected in parallel to uiakx' a ^i2-ohm 
resistor, while r\\() K^kilolim resist oi"s ate conned ed in series 
to make a32-kilohm resistor. The 1280-ohm and l(>kilohm 
resistors are of the sanie type and width, differing only in 
length. 

Leakage. Leakage is intolerable in a VFIM circuit of this tyi:ie- 
Integrated Srhofiky dicjde bridge switc^hes used for connect- 
ing the measurenu-nt resistors lo other circuitry need In 
have veiy low leakage iix the off state. When measuring cm- 
rent, two of the measure ntent resistors are connected to 
Sehottky diode switches that ai'e idle and reveise biaserL 
Tlie reverse-bias diodt* cuncnts are large enough to affect 
ttie current measurements, especially at higher tempera- 
tiircs. [n addition, the fliode leakage cunenl is a fmiction of 
die reverse bias voltage, Tlie matching of diode leakage is 
very good when bias conditioas are equal, 

Om' approach was to back-bias the diodes by equal amounts 
so thai leakage into a nodal point equals the leakage out of 
the node. The biasing scheme is shown in Fig. 13. Wicn 
diofles D] and Do are reverse biaserl, they have eiiual bias 
potent i^ds. Tliis allrjws the cmTenl going into ntxie A from 
diode 2 to equal tiu^ currenl on I of node A to diode 1, The 



Fig, 13- Diode switch biasing- 

%^ollage needed for operation of the driver at node B is about 
1 vnlf . Difjdes D^, D?; and D7, Dg set up the equal biasing po- 
tential. Since no loading occure from node A, VFOUT is not 
affected by these leakages. 

Ranging Speed, To minimize or eliminate output voltage 
spikes during r;mge changes and to minimise the range 
oliange time, the ciriver response speed needs to be in- 
creased duilng range changes. This is accomplished hy 
shorting out the feedback resistor Rp during the i^ange 
change period. A diode switch is used to short out the feed- 
back resistor for the drive ampliJler during the period of 
nmge c^hange. Fig. 14 show.s how iluMliode switch controls 
the voltage force driver This allows the (iriver 10 read, nuich 
faster hy charging and discharging its compensation capaci- 
tor through the switch instead of through r he resistor The 
compensation capacitor Cc is quite large to provide high 
stabilization for all load conditions at VFQUT. 
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Fig. 11. Simplified -sciieniatir difigrxani showing the method of shiirtin^ 
lUv A'^flback resistor to Impravi* rlrjvpr resi>oiiHe speetl 
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Conclusion s A c k ii a w 1 e cl gtn e n tn 

An irilegrriTed circuit was successfiiEy designed and imple- The foil owing peoph; have worked on this project in suine 
menled to allow ail of tlie pin elfetroiiics of the HI' M493 LSI capacity and the authors wish to ac know ledge and thjiil< 
test system to he included in one iC package witli ininin\al ttiem for Iheir cojitri hut ions: Huong Nguyen. IliroalLL 

external components. This makes it possible for a single Sakayori, Shiaichi Tanida, Tosliio Tamamura, Jimmy Chua^ 

board to hold eight cliaiinels, residting in a cotui>act test Ke\1n M;ii1in, niris Schiller, Bill MurjJhy, Dave BigeUiw* 

head size for a 256-pin system. Briitn Le\;V\ Pai Bynte, and Dan Ihrniling. We also wisli to 

thank Jennifo!- DeNeve arsd Paid Priesen for the layout of 

the chip. 
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CMOS Programmable Delay Vernier 



In the HP 9493 LSI test system. CMOS delay verniers replace the usual 
bipolar technology and are integrated with digital circuitfY to produce a 
highiJerformance timing generator in a single monolithic CMOS VLSI 
formatter chip. This solution achieves bipolar-equivalent resolution, skew, 
and jitter performance with significantly lower power, cost, and circuit 
board space, 

by Masaham Goto, James O. Barnes, and Ronnie E, Owens 



Tlie HP 9493 Is a mixed'Signal IBl tester wiiit a peri)in digital 
test resource arcliitecture designed to offer tJie user f est 
generation flexibility and ease of use. Tlie timing vector gen- 
erator is a key per-pin resource that generates and captures 
digital waveforms going to and coming from the de\iee luuier 
lest (DLTj. Each DUJ pin has an independent timing vector 
generator channel, allowing tlie user to select arbitrary tim- 
ings wavefomi format. litkI logic pattern without having to 
eoasider resource conflicts. Bach riming vector generator 
consists of vector memory, formatter logic, ant J delay v^emi- 
ers, winch are essentially high-precision progranimahle 
delay lines. 

Ti*aditionally, to meet the speed and timing performance 
requirenients, high-precision delay veniiei's have been mi- 
plemented with bipolai' Et'L tecln"iolog\. * However, these 
off-the-shelf delay verniers have the disadvantages of high 
cost and high power consumption. In addition, as sc^parate 
packages, ttvey uicreasc board-level tntercormections and 
package count. To address these problems in our system, 
the delay verniers were iriiplementtni wilii CMOS circnihx 
allowing (hem lo he irUegraled with the fonnatler logic into 
a single CMOS \T.S1 chip called ACCEL2 (Fig. 1)- AC'CEL2 
was designed at the HP Integrated Circuits Business Divi- 
sion s Fort C-ollins Design Center and fabricated using HPs 
CMOS^34 process. 

The benefits of this approach are e\ddcnt. but there are many 
challenges in designing a CMOS timing system with the same 
level of t>erfonnance as the bipolai' counteqiart. A stable^ 
low-noise timing system is essentia] in a mixed-signal LSI 
tester. For example, testmg stale-L^rthe-arl aiiaJog-to-digilaJ 
converters ( ADCs) mid digital-to-tmalog conv-ertem [DAC s) 
requires jitter i)erforniance of 20 ps nns or less. CMC )S gate 
propagation delays are very sensitive to temperature atid 
supply voltage, and CMOS implementations of standard cir- 
cuits such as operational amplifiers typically have higher 
noise than their bipcjlar versions. Any use of CMOS in timing 
system applications must circumvent these limitations. 

In previotis attempts to use CMOS in this setting, feetiback 
techniques such as phase-locked loojis have been used lo 
stabilize cJelays. However, such an approach ol^en compro- 
mises jitter to an extent that is iniaccepia})le in a mixeci- 
signal emlronment. For ACCRli!, we develoijed a method of 
stabihzing delays while maintainiitg jitter at levels close to 
the tht'oretical minimum of the CMOS FETs. Onr ai>proacl\ 







«' 1 



Fig, l.ACCEL2dilp. 

employs custom CMOS design in tfic delay vcniieis iinci oji- 
chip dynamic power compensation to minhnize the tempera- 
ture delay sensithity. In addition, the problertis ofsupiily 
and temperature variation were addressed at the system 
level The combination of these techniques resulted in a tim- 
ing vector generator module wiih performance equal to or 
better than a system with bipolar delay veniiers. but with 
suhstanilally lower t:ost and power dissipation. In a higti- 
pin-count VLSI tester, these sa\ing3 can make an important 
contribution to t!ie performance and value of the product. 

Test System Block Diagram 

A block diagriun of the HP iH9*l mixed si^ial LSI test system 
is shown in Fig. 2 on page 43- The digital test subsystem 
consists of die sequencens, capture memcjry, tinting vector 
generators, per-pin digital electronics, anrl per-jiin dc elec- 
tronics. The s^ynchro pii*e consists of special luirdwaie to 
synciironize operation of the digital test subsystem and the 
analog test sub,systems such as the cubitrary waveform gen- 
erator ami (he waveform digitizer. The timing vector genera- 
tor ajul the per-pin digitai electronics are the p<'r-i)in digital 
lest resources. C|) tcr 2i^i(i digital cliamiels am in* instiilled. 
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To/Froni Saquencer 




Mult(|)lev«r 



To/From Pin Electriinics 
Fig. 2. Timing v^sctor generator block tliagram. 

'Hie timing vector generator block tliagrarn is shown in Fig. 2. 
The nienioi^^ niai\ager, shaaed by eight timing vector genera- 
ted" chtinnels. receives \'ector adcliesses from the sequencer 
and gives tJiem to the vector memoiy. Test vectors stored in 
the vector memory' are given to the fomiatter logic, wiiitrh 
controls the fomiatter, receiver, aiid linUtig generators. A 
mt J hip lexer is placed after the foniiatter and the receiver to 
support channel nuiltit»lexing ^uid dnal-test-head switching 
capahiliiy. The fonnatter logic, foniiatter. receiver, niulti- 
plexer. aiul timing geiietntors are integrated in die ACCEL2 
cliip. 

ACCEL2 Umiiig System 

Pjg, :3 is a siinplJOed f>U>fk diagraiu of the ACCEI>2 timing 
generator. A coarse edge coimfer, implemented in standard 
CMOS cUgital logic, is used to generate a ^^ariable coarse 
delay ranging from 1 to 2^ * periods of the system masler 
clock. Because the cotmter terminal tount output CEi ixas 
significant jitter and skew, the edge is retimed by a flip-flop 
that we tenn tlie **last flip- flop," Tliis block represents the 
fintil point along the path of the timitig edge at wliic:h it has a 
fixed time relation to the system master clock. The last flip- 
flop is clocked by a clean version (MC) of the system master 
clock MCLK. Mer propagating through the delay vernier, tJie 
delayed edge FE proi)agates to the drive or receive sections 
of Uie chip lo control lite timing of signals driven io the DIT 



or sampling of waveforms received from the Dl-T. Tliere are 
six such timing generators on the ACCEL2 chixj: four for the 
<Mve side and two for the receive side. 

Fig. *j illustrates a number of features duil inlhipnced tiie 
ctiip tiesign. First, effective electrical isolation was needed 
between the stimdard digital [aait of the chip and the delay 
verniers and ot)ier timing-sensitive blocks such as the drive 
and rereive circuit ry. This required low-noise design tech- 
ui(|ues such as iiovver supply isolation and control of rise 
antl fall times ir^ critical sections. 

Second, a number of parasiric delays exist in any real imple- 
mentation. Examples are the ciock-to-output delay of tlie last 
flip-flop and the niininumi delay through the time verniers. 
The suju (jf tliese delays makes ui) the intiinsie delay, wliich 
is specified in Table L Ttiis delay must be stable. 

Third, the design of the delay verniers is simplified if only 
om^ tjpe of timing edge need be accurately delayed. In our 
case^ it is the falling edge of tlie negafive-going pulse from 
the coarse comiter. As -an illustration of this, the clock-to- 
outpiU delay of the last flip-flop, which is a com) ■' »uent of 
the intrinsic delay, is Jiiore easily controlled if omK one tran- 
sition is impoitant. This is also true for the delay vernier 
itself. 

Fourth, in this timing system, edges aie separated by a 
variable time intenal that depends on tlie setting of ihe 
coarse edge counter and the PCLK (jjeriod clock) frequency* 
This variation complicates the design of tiie delay veniiers, 

Fifdi, since the coarse edge CE luiS a timing resolution of one 
masler clock period, (he delay range required of the delay 
vernier is related to this periocL (;)n ACCEL2, the required 
range is 16 ns. 

Tliniiig Specification s 

'Hie iiining vector generator module nuist preseitt luglily 
atrcuraie and precise waveforms to ti\e device under test 
(DIJT). Tills directly translates into stringent sjiecifi cations 
for the on-cliip timing system and delay verniers in paiticn- 
lar. Tuble 1 gi\'es tlie system requirements for the AtX'EL2 
timing .'system. These specifications are as siringent as those 
for tlie HP 949 L\ test system, which used external bipolar 
delay lines. Achievement of these specificarions on a CMOS 
chip with a large amomit of higii-speed digital logic was the 
primary design chaUenge of the project. 




^ FEOifl 
(To FormattBr 
and Receiver^ 

Digital Sficiion Aitatog Section 

Fig. 3. Jiimplified blotk diagram of the* ACCEL2 tirriing generator. 
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A few obsen aiions may be made regarding these sijecnfica- 
tions. The res< iluiion shown is the iLser-progniitimalile resolu- 
tion, and Uneaiity is given in teniis of tiiLs sjep size. Befause 
of file nature of the calibration scheme, as discussed later, 
the delay lemiers have a mininimii time step size equal to 
one-half the user-programmable resolution. 





Table 1 




Svslem Bequirements for the Delay Vemter 


Specification 


Absolute 


Relative 


Typical CMOS 


Span 


16 ns 






Resolution 


S4)it or 
52.5 ps 






Linearity 


<1LSB 






Skew: 








Temperature 


+240 ps/5^C 
(ambient) 


±0.16%/T 


±0,3WX' 


Power 


±10 ps/ 


±0.07W 


±0.8%/ 


Sopply 


50 mV 


100 mV 


100 mV 


Jitter 


10 ps rms 


0,03% rms 


=0.1% to 1% 


Pulse 


not required 






Synmietry 








Intrinsic 


<8ns 






Delay 









In Table 1 and elsew^here in tliis ailicle, skew is defined as 
the vaiiation in delay caused by a chiinge of any external 
influence, including environniental variations. -litter is de- 
fined hvi delay variation for a series fjf edges propagating 
down die line with all external influencfs constant. The 
third column in the table show's the skew and jitter specifi- 
cations as a percentage of the longest time-sensitive timing 
]Kitli on the ACCEL2 chij). Tliis path cjccurs on the firivc 
side. Since rhc magnitnde of skew and jitlcr scales wi(l\ the 
length of the path, this allows the specifications to he coni- 
paied with typical performance seen on standard CMOS 
designs. This data is given in the final cohinm; it is set" n that 
the required skf*w (enipcradue fjependeiue itnd Jitter perfor- 
mance for die AC(l!]L2 chip are signiflcandy l>etter than 
stiuiriard CMOS design practices would yield. 

hitrinsic delay is simply the delay through the delay vernier 
witJi the delay setting at minimum. It is deslmble that this 



delay be as short as p<>ssible, since a longer mtiinsic delay 
am complicate the design or compromise the performance 
of other blocks in the s>^sletit How^ever, achieving a shorter 
intrinsic delay requires greater on-chip povven This is tnie of 
other speclfi cations in the table as well: for example, 
smaller step size requires more power. 

Delay Vernier Architecture 

Tile ftrst step in die design of the delay vernier was to select 
a deia> luie arcliitecture. A number of delay line implemen- 
tations liave been reported. Tliese include ramped compara- 
torsr charge<'Oupled devices/^ ECL gate arrays. ^ and multi- 
plexed and lapped delay lines. Resolution, range, jitter, and 
skew ret^uii'ements eliminated most of these: the final 
choice came dow^i to eitiier a binaiy--w^eiglited multiplexed 
delay line or a tapped tlelay line* These two desigjis are 
shov^ii in Fig. 4. 

Although tlie multiplexed delay liite arcliitecture requires 
less power and silicon area, it w^ould require the line to be 
made up of elements of fhfferent delays (specLBcaUy a 
binary -weighted series of elements ) with inferior skew kind 
linearity' performance compareci to tlie tappeil liJie. Because 
of de\ice mismatches, a bin^uy-wei^ted nmltiplexed delay 
hne may have nonlinearities that cannot be corrected by a 
simple calibmtion. Tills is especially possible if there are 
gaps in the tielay-versus-timing relationsliip because of mis- 
matches. A tappefl delay line scheme greatl.v reduces the 
effects of device ndsmatcli and cssentijilly avoitls these 
problems entirely. There are other problems w itii the multi- 
plexed delay line. Low intrinsic delay Ls difficult to achieve, 
since for an S-bit line i he minimum delay w^oukl need to pass 
through eight multiplexei-s. For these reasons, w^e chose the 
tapped delay Ime stmctme, Fig. 4b. 

As shown in the figure, the tapped delay line consists of tw^o 
tyijes of delay elements: coarse and fine. Tlie coai^se elements 
arc calibrated to an identical fixed delay of approximately 2 
ns during ati initial cjilibration procedure. An eiglit-hiput 
wired-OR c ircuit selects tiie edge at various points along the 
line, provifiing a timing adjustment to a rcsolntion of one 
coiii-se element delay. The nmltiplexer is designed so that its 
[propagation dc^lay is nearly identical throngli all laps. This 
reqimed putting an extra dummy lua<.l on the taj) at tlie end 
of die line to eqnahze the capacitive toad on all lap iiipiits. 
Despite these nipfisures, howe\'ei; an actual chip will liave 
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Fig. 4. (11) Multiplexpfi debiy line. 
fh) Tupped delay line, 
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Theoretical Approach to CMOS Inverter Jitter 



Metal -Dxide-se mi conducior or MDS tecNnolagy ts known to be inferior in noise 

performance to bipofar of junDtion Ffl {JFETf technology. For example, a CMOS 
operational amplifier has two to three orders of magnitude worse ncise perfor- 
martce than a hppolar or JFET-inpui operational amplifier How about jitter"? Jitter 
can be defined as a timing uncertainly or noise. If the device is so notsy, won't the 
noise affect its jitter perforniance"? We tried to clarify this question by a theGretical 
calculatron. 

Major noise sources in a CMOS device are f ticker noise and Johnson noise, to 
the simpie CMOS inverter circuit shown in Fig, 1. we applied a noise model and 
analyzed the thermal jitter, 



Tlie jitter is evaluated at the mid transition point of the output of the inverter fFlg. 2\ 
We assume that the input has already reached the V[jd voltage. 01 completely 

turns off and 02 discharges the load capacitance C|. 

Bg, 3 stiDws the equivalent circuit of the fficker end Johnson noise model, where 
Vj represents the Johnson noise of the equivalent resistance of 02 and Vj repre* 
sents the input flicker noise, 



-^|_Q1 



L|Hqz ^c, 



Fig. t. S^riple CMOS inverter with load capacitance C|. 
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Point of Jitter Analvsis 



Fig. 2. Jitter evaluation poim 



slight itiisniatches because of maiinfatliuiiig variations. 
Tliesc can be calibratetl out during coarse dement caJi- 
Ij ration, as discussed lati^i*. 

Finer rGsoiutiori is tii^rjvidcrl by tlirce fltie delay eieinent^. 
Tln^se have delay 1 tial can be Viuied over apiJioxinialely a 
1-ns range in U-ps siepn by turning on or off internal rapacj- 
tors, as described laten On the ACCEL2 chip, the sanie ele- 
ment design is used for the coarse and fine elements. Tlie 
element has a nommal delay of al>aiit 2 nw with tlie 5-bit digi- 
tal delay t*ontrol set at a default value. Iti the coarse elements, 
delay variability is used only for calibration - 

Two design techniques were key to achieving the required 
Imcaiity imd skew i>eifontiance; (I) use of essentially iden- 
tical rlelay elements tiirongliont the line and (2) iise of 
"tbernKuneter decofiing" in contiol of the line. The benefits 
of these iechniques will be discussed in mtjre detail below. 
Therniometer decoding is tiefinetl as follows: as the input 
delay sctthig of the hne is increased, delay elements are 
added to but never removed from the tleiay path- Tliis guar- 
antees monotxinic ity of the unc;ilibratet! delay as a fnnction 
of ciigitaJ settuig and improves miealibratetl lii\eaiily thus 
making simplified ciilibration schemes possible. Tliis charac- 
t eristic is trident in the coarse delay pint t3f the line, but is 
also employed in the internal struc litre of the Giie elements. 

Delay Vernier Element Design 

The l>asir delay ele^nent is sliown in Fig. 5. It consists of an 
mpnt inverter, t^rogramnialfle banks of cat>acitors, and an 
output ui verier, hi its quiestrem state, the element is pre- 
sented with a liigii \'Oltage at tJie input. An edge propagates 
througli the element when the input v<:>ltage tuidergoes a 
high-lo-iow tTansition. The delay of the edge through the 



element is detemtined by the number of c^>acitors that ate 
turned on mvd by the bias voltage ai>i)lie<J to the gate. When 
the internal node voltage reaches the switching threshold of 
the output invertei; the output makes a high-to-low transi- 
tion, which is applied to the next element in the delay line. 

The bias voitage is generated and ac^justed with a DAC. and 
is used to calibrate the delay such that process variations 
from chip to chip are nulled. The DAC also compensates for 
delay variations caused l>y tett^perature and supply voltage 
variations. 

Tlie cat>ac itors mv programmed usuij^ a 5-bit digit^U input; Tlie 
higher-order cajjacitor banks ate accessed in thermometer- 
decoded fasluon wluJe the lower-order banks are progranuned 
in a straight binm^' fashloti. The breakijoint in this decoding 
was chosen based on the exjjected variation in the capacitor 
elements. Tins a]j|jiTiach minimizes the difierential noniuiearity 
of the tlelay as a fmiction of the digital capacitor setting, '^flie 
capacitor iUTay is sized such that the nominal delay tli rough 
each element is 2 ns, Tlie minimum time step Is 31 ps. 
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Fig, 5, HmU dt lay f:*leiuenr. 
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We carcuiateij the voyage vmB Vt, and ttie slew rate dV/dt at tbe output and 
estimated tfte jitter Tj,t as 



'l.t 



dV/dt 



Fig 4 shows the msuli of calculations for vanous gale Jengths L and gate widths 
W. T,jt does Jiot exceed 0.3 ps mis even wsth the worst-case device. A series of 50 
such inverters will only produce Z 1 ps mis jitter WhrJe not perfectSy accutate, this 
analysis provides valuable insight 

Another jitter seurce is couplmg noise. This is considered to he e dominant source 
of jirier in standard CMOS design. In the ACCELZ design, we avoided subdividing 
the test period or PGLK signals because subharmonics cause periodic jitter When 
the ACCELZ chip is generating a periodic wavefami, all coupling sources are :phase 




10 15 2D 

Gate Width W (^m) 

Rg. 4 Esfculated CMOS litvefter [ittEr. 

coherent with the timing edges This means we will see the tdeniicaS coupling 
waveform at ever^ test cycle and it won't cause any jitter 

Masaharu Goto 
Design Engineer 
Hach(0|j Semiconductor Test Oivssion 



Support Circuitry 

As already discuRsed. a ta|j|)e(i delay line aichitecture was 
chosen for lineaiit>' considerations. As seen in Fig. Oa, the 
delay line contniiis twelve delay elenteiils aitd supporting 
circiiitiy. Three delay elements are used for fine atiiristinenl 
of the overall delay. iHirini^ lalibratior^* the digital settings 

TlMEDATAtl:?] 



required to generate a ^ven delay are stored in a look-up 
t^ble RAM. Tliere is one calibration look-up table RAM per 
delay vernier. Tliree elements are used in the fii\e section lo 
guarantee a spait of at leiLst 2 ns correspt>ntling to I tie delay 
of one coarse elemenL The output of the third fine delay 
element is presented to seven coarse delay elements whose 
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digital settings arc* acljusted during calibration to get a delay 
£ts ciose to 2 ns as possible. A dummy element at tJic enti of 
the line is used Co load the fmal elenient. 

The delay line is diiven l.>y a flip-flojj wif Ji slahLllzed propaga- 
tion delay. Tliis last fllji-flop Ls driven by a so^^alled coaiBp 
edge signal generated by a counter in the digital section. The 
clock for the last flip-flDp is a master clock tliat is buffered 
and distributed exckLsively to the delay vernier section of 
the cliip. Tliis approach removes jitter oti tlie coyjse edf(e 
caused by noise generated in Ibe diglUil section of the chip. 
To niininiize its own contril>ution to jitter and skew, the last 
flil>flop is designed to have a short clock4o-out.put ■ Aay. 

The multiplexer selects one of eight taps along the d^lay line 
to be directed (o ihe on i put. The multiplexer el em^^^f-n are 
simple two -inpnt NOR gates whose outjmts are romn r led in 
a wlred-OR arraiigen^ent m\d buffered by a fmal mveiier. Ttiis 
circuit is designed to have mininimn propagation delay with- 
out imduly loading the basic delay elements. Using diis ar- 
rangement, the t^ropngatlon delay vaiies Irom some muiimmn 
intiinsir delay, T|, to Tj + 16 ns aclJiLstable in 31-ps itierements. 
Five bits of timing datii ai'e used to select one of the 32 line 
delay look-uj) taljle entries ^md three bits of timing data are 
used to control tlie multiplexer setting. Tj is given I ly 

where TjfH is the ititrtnsic delay of the basic element, and 
Tjmux ^s tbe delay Ihrougli the nuiltiplexer. The multit^lexer 
delay iti llie Onal design is 1.75 ns and the delay tluough die 
basic delay element witb a digital setting of is 1.75 ns. 
Thus the overall intrinsic delay of the luie is 7 ns. 

Used only during calibration are an additional delay element 
atid a special flip-flop called the phase detector, which is 
<lesigned for mininumi setup time and is used to detect a 
match between the master clock frequency and tlie delay 
thi'ougli the delay luie. The operation oFlliis atlditional 
calibration circuitry is described below. 

Calibration Scheme 

Tlie HP 9493 system uses a high-tiuality fretiuency s^Tithe- 
sizer as a master clock source. A master cloc k frequency 
from 4 kHz lo 128 MHz can be progrmiuned in 1-microhert.z 
steijs with extremely low jitter and high frequency stability. 
This translates to subpicosecond master clock period (Tmi.) 
programmabHity. Therefore, we decided to use the master 
clock period T^f. as a timing refereiK'e ft;)r linearity calibra- 
tion. A second lasl flip-flop delays the CE signal by one mas- 
ter clock t>eriofl to create Ref. BecaiLse last flip-flop 1 ai\d 
last flip-flop 2 are identical and are toggled by the same MC, 
the time inter\^al between CE1 and Ref is equal to T^ic which 
we cim ai'bilrarily control fi^om 7.8 ns to 250 |ns (Hg. 6b). As 
described above, the intrinsic delay of Ihe dehiy vernier is 
7.00 ns. Because 7.8 ns is the slu^rtest eontrollable time in- 
ten'al, we needed to put anoilier delay element after FE, Tliis 
element adds anotlier 2 ns to the calibration path, resulting 
ill a 9.0fl-ns nurumum delay setting. Tliis is wilhijube raiige 
of conti'ol of the master clock period T^^^.. The twelfth delay 
element is only used for lineailty cahbration. To j) re vent an 
increase in intrinsic delay and timing skew. FE does not go 
tJirougli diis element. 

The linearity calibration process for each individual delay 
vernier consists of three parts: bias DAC calibration, fine 



dflay Icjuk-up table calibration, and coarse register 
ealibraiion. 

First, all delay elements are programmed to a default valtie. 
Tlte bias DAC setting is tJien calibrated to adjust each ele- 
ment delay to approximately 2 ns. Process variation is 
rougliJy c;alibrated out by this step. Secondly the fine delay 
look-up table HAM is calibrated for addresses to 31. At 
Ri\JVi address 0. tlu^ master clock trequency is set to 111 
MHz (T,iu = 9.0 ns ) and the RAM data, whic h is a]3iilied \o 
11 le fine delay elements, is incremented until die delay 
through the three fine elements equals this vidue. Ai the 
next RAM address, T^j^^. is increnu'nted l>y 62.5 ps and the 
RAJVl data value is again incremenied to catise tbe vernier 
delay to match the clock j>eriod. This is repeated 32 times to 
calibrate all RAM addresses with ()2.5-]is resolution. ThircOy, 
each coarse delay element is calibrated, starting with tlie 
first coarse element. RA^l acidress is selected, the second 
multiplexer tap is selected, and Tf,ic^, Ls set to 11.0 ns. which 
is 2 lis more than the value used to calibrate RAJVI adtlress 0* 
The coarse element register value is incremented imtil the 
delay matches tins clock period. All the rems:uning coarse 
elements are calibrated m a similar manner with the master 
clock period increased by 2 ns for each successive elenieiU, 
The coarse element calibration compensates for sliglit varia- 
tions in the multiplex delay through various taiis in addition 
to calil.irat ing tlie tielay e lenient itself. 

The ACCEL2 chip contains a calibration sequencer block 
called the calibration logger. wIiScIt supei^ises the i^er-pin 
paralk^l liming calibration. The Ctilibration logger increments 
digital timing flata ft>r the tiiree phases of calibratlon de- 
scribed above until the phase detector outt:iut of the particu- 
lar time veniiei changes state. At the setting that causes the 
phase detector to change, the calibration logger stops incre- 
mentuig the timing data and logs the value of the digital inpith 

Dming each calibrarion operation, the calibration logger can 
average up to 256 pulses to piH^vent occasional noise from 
terminating llie [tieasurement prematurely In addition to 
calibrating the delay verniers, the calibiation logger per- 
forms other sysreni calibration mid deskewing otierations. 
After all cahbration logger operations are completed, tlie 
tester controller reads die logged value to get the measure- 
ment results. Suice all timing vector generator channels in 
the system can operate in parallel, computer overhead is 
small 3i\d wc ciui perform full linearity calibration of a 
25<>pin system within 30 secronds. 

Dynamic Power Compensation 

If^TLile the pov^er dissipatitju of an ECL deface remains ap- 
proximately constanl for all operating conditions^ a CMOS 
de%ice changes its power cons imipl ion drast legally benveen 
the static and dynamk^ states. This is because tlie po\^ er 
required to charge and discharge internal capacitances 
when the nodes are togglmg at a high fVequencv'^ is much 
greater thajt the standby leakage power. This d>Tiaii"UC 
power variation is a problem when integrating i>recision 
analog cuctuts and a hirge aiuoimt of digitiil logic onto a 
smgle CMOS \T«S1 chip. Operatioti of the mialog cu-cuit is 
often sensitive to temperature, auifi junction temperature 
changes caused by dynamic power variation can be a nii\jor 
source c^f inaccuracy. The ACCEL2 chip contains 20,000 
gates of CMOS logic along with precision delay veniiei^. 



56 rJrrol^er 1 0(W IJewlett-Paclcai-d .JoiuTm] 



)Copr. 1949-1998 Hewlett-Packard Co. 



Tiie tijTtaniic power v^aiiadon inherent in the logic cannot be 
neglected. For a given package thermal resistance, the June- 
tion temperature was ebiiiuaieci to \'Bxy by 4,5~C because of 
dynamic power I'tmailoit Even with the reduction of delay 
temperature sensitivity a£forded by the custom time vernier 
dc-Sign, this variation will iinacceptalil\^ degraicie tJie s>'Stent 
t lining accuracy. The dynamic power compensaUoii circuit 
was developed to solve tliis problem. 

Generally in CMOS logic design, power dissipation is almost 
propordona] to clock frequency: Two on-c!hip clcK'k iietivorks 
dominate the ACCELl logic operation: the master clock MCLK 
ajid tlte period clock PCLK, From a i)re\ious design, we found 
that the dyiuiinic power of the chip could be leasonably pre- 
dicted from Ihe frequency- of these two clot^ks. The MCliC fre- 
quency is t)rogrammed by the tester conirolier mxd stays con- 
stant dnring critical operation, so the MCiX dependent power 
can be calculated by the tester controller. PCLK is an e3rtenial 
data input latched by MCLK; it initiates a test period. Because 
research on cuBlomer needs indicated that tlve abiht>^ to 
chmtge tlte length of the test period on the Oy wotild be a 
useful feature, the PCLK freijiiency can change at any lime 
during critical operations. Therefore, the PCLK de|iendent 
power cannot he estiniatefi by tlte tester contrtjiler. 

To compensate for dyittintic power variation without any 
incrccise in total power dissipation, we designed a state 
machine tltat rouglily monitor's the amounl of activity in the 
logic circiiitty arid dynamically tvinis an on<iup t»ower com- 
pensation healer on and olT. Pig. 7a Is a conceptual sche- 
matic diagram of tiie dynamic power compensation circuit 
iind Fig, 7b illustrates the principle of operation. W^cn the 
test systent is not in tisc and MCLK Is not riumiitg, MCSTAT is 
lesel (MCSTATN = 1). At this time, the X register value is fed 
to the liuater, Tlie X register is progranmied by the tester 
cfjniroller ics follows: 

whert^ Ppemiixis die PCLK dependent fjoweiaf tire maximum 
PCLK frequency fpcrnux U^^^ showTi Ln Fig. 7liJ mid Pj(,r;|[u,x is 
tiu' MCLK de])endent power at tjte mtLximum MCLK frequency 
^intiruix- ^t this moment, the dynamic power chssipation of 
the AC'('EL2 chip is zero. Therefore, the sum of the dynamic 
power aitd the heater power is simiJly X = Pprinax ^ Pun uwis- 
The tester controller seta the Y and Z values such tlut: 



1 — (1 prmax + "nicriiax)" 



1 mm 



- fir 



Wlien MCLK starts running at frequency fj^^^., MCSTAT detects 
this conditJon and MCSTATIV becomes (I Becaiist^ PCLK is not 
togghng, PCSTAT is resfl (PCSTATN = \) iuid Y+Z is fed to the 
beaten [);ynamic power in tltis stale is shown ils Pmcdyn ^^ 
Fig. 7i>, Tht* sum of the dynantic power and the heater 

power is equal to Ppcmajc + Pnuiniax' 

When PCLK transitions, PCSTATN becomes for N MCLK cycles, 
which is equal lo the minim tun PCLK interval, and then returns 
fo 1. During H lis jjcriod of N MCLK cycles, the Z value is gated 
off This decreases the heater t>ower hy an auKumt c^cjuiil to 
tiic dynantic power constitned by a siitgie PCLK cycle. There- 
fore, the sum of the dynamic power and the heater powder 
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Fig* 7. (a) Dynamic power com pi^nsfitinn tiniiit. (b) Priwer 
relationships. 

When MCLK is stopped by the lester controller, MCSTAT iy 
reset inmted lately afterwards so no significant power glitch 
will occim 

In this way, Llie total power consutnption of tlte chip is 
kept constant Tltis scheme gieatly improves system tintiitg 
accuracy. 

MeaJsured Delay Vernier Performance 

Fig. H show?^ tlte raw (uncitlilnated) uilegral nonlinearity of 
dte three fine elements measured on the ACX'EL2 ciii|>. The 
fine element nonlinearity* is approxintately +L5 LSB of 31-ps 
raw resolution. 

Fig, 9 shows calib rater! delay vernier linearity. This curve 
covers the entire rligit^i] in[)ut r<utge of tt) 255, with a corre- 
spontltng delay rajige of to 10 ns. Tl)e nonluiearity is ex- 
pressed in terms of the system LSB of 62 ps. As the curve 
shows, the linearity calibration guarantees less Uiaii ±1 LSB 
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Fig. 8, IJiicalibrated fine delay elenifnl linearity. 

of integral nonlineiirity in the system liming resoliitidn over 
the entire delay I'arige, 

Jitter ineasuremcnt was done using an HP 5412 IT digitizmg 
oscilloscoi)e with the delay hne set at the ntaxiniuni value of 
16 ns» Tiie nieiismed jitter was 3.3 ps nus. Removing tlie 
intrinsic jitter of die IIP 5412 IT (evaluated to be L2 ps m\H) 
resulted in an estimated ACCEL2 jitter of less than 3.1 ps 
nns. This is ahoul ().()1% of die palh tlolay, wliich is one to 
tw^o ordei-s of magnitude better than tj^pical digital designs 
aiid better than the sperifieation by a factor of lluee (see 
Table I). 

Table n shows the measured temperature coefficient of the 
propagation delay tiirough the delay vernier circuilO' and 
CMOS formatter block. As the t^ble shows, the AC'CKL2 
delay vemiei" is about three times better than the custom 
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Fig. 9* « Calibrated delay veiTiier linciUity. 
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CMOS formatter circuit. This temperature stability perfor- 
mance is ec|uivalent to bipolar time verniers, hi ilie A(X.'EL2 
chip the overall temperature coefficient was measured as 
30ps/°C. 

Table t[ 

Temperature Coefficieot of Prapagation Delay 

CMOS Formatter 0. 1 dW^C of path delay 

Delay Vernier 0.058%/°C of patli delay 

Total Cril ical Path 30 ps/^C 

Measurements were also made of the power supply depen- 
dence of tile delay of a critical timing path . The propagation 
delay was ext renu-ly stable as tlie Vjj voltage changed. 

Conclusion 

Integration of delay verniers with formatter logic in the cus- 
tom \T.SI chip ACCEL2 was tjie key to acliie\4ng a low-cost, 
low-i^ower LSI test system design. By moving the delay lines 
on-chip, the cost and power of the timing system were re- 
duced by nearly an order of magnitutle while at live same 
time pro\iding ECL-eqnivalent timing t^f'rformance. 
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Real-Time Digital Signal Processing in 
a Mixed-Signal LSI Test System 

In test subsystems based on digital signal processing, the HP 9493 test 
system emulates the analog and digital signals of the device under test, 
thereby reducing test time and increasing test coverage compared to a 
memorv-based test system. 

by Kelta Guiyi 



Complex mixecf-signal integrated circuits are iLsed more and 
more frequently to reidize many coniptex functions needed 
for applications such as ielecomn\unieations, seno control, 
and image processing. Testing of these ICs is much more 
difficull than fur i radii jonjU ICs because of the mtcgration of 
complex funefions ant I s>Tichronized interactions between 
bioc'ks. Conventional IC testing methods cannot provide both 
high test throughput and lii^h test f quality for these devices. 
Ar-speed signal processuig by synchronizeci distributed sub- 
systems is required to pcrfonn fuuctional testing of complex 
mixed-signal devices, j\lsu required Is a progranmiing style 
that is straightfoi^ward and allows flexible control of signal 
and ttata flow in the test subsystems. 

DSP-based USI testers can be classified as iiaving one of tw^o 
tyi^es of architecture according to the location of the signal 
processing units (SPl'): centralized or distributed.^ In the 
distributed tyi^e, SPt's are distrit>iitefi mnon^ Iht* indivititial 
sulisystems. Usually, each SPIT cannot manage a large 
amount c:)f data and the processing speed of each SPIT is 
sknver th£m that of a cenlrahzcd SPl I Programming is more 
difficult because the SPlJs are run strongly f oui>tcd lo the 
CPU, so the control layer between the CPC and the SPl 's is 
more compiicated. On the other hand, the distributed type 
makes it possiljle to process data in the subs>^stems mid 
enables al-sijeed enmlatlun {>f IC funclioiLs, wliich is requiied 
to tesi mixed-signai de\1c:es. 

To meer the needs of complex mixed-signal testini*, the FIP 
949:1 mixed-signal LSI test syst:ein 13 based on distributed 
(iigital signal! processors (DSPs). In each lest subsystem is a 
Motorola DSP9C002 t hii», which nms at 32 MIIz and per- 
ffjmis :i2-bit float.ing'poim operations, Tlie DSP mo<liiles are 
connected by data transmission paths for data shming, A 
llcxlble programming Umguage directs tlie DSPs to generate 
and analyze test signals. 

The HP 9493 architecture aDow^s digital and analog signal 
processii\g completion timt^s on the order of microseconds 
t o ensii re tb e quality an d t h ro u g 1 1 1 ) i j I o f 1 1 y n an i i <.: si g n al s and 
data operations for I he device iitider tes! (DtT). Precise 
timing syn€hronizatit>n of all subsystems makes it i>ossibIe 
to riistribute operations fitnong the DSP modules. 

Compared to a memory-based test system, the HP 9493's 
distributed DSP mchitecture reduces test time imd increases 
test ccjvi^rage for comjilex nrixed-sigiml de%'ices. To generate 



an analog waveform, the conventional memory-based sys- 
tem must compute and store discrete time data for the en- 
tire waveform before generating it. Tl^is takes time and may 
require so much memorj^^ that the functions of a complex 
de\ice may not be tested completely because of the memory 
cost. In com ras tt the DSP4>ased HP 9493 prepares the dis- 
crete time data in real time using a much smaMer anioimt of 
waveform memory. 

Architecture 

Fig. I shov\ s ! he HP 9493 system architectiu'e, which 
allows synchi'onons and asynchronous control of the analog 
and digital subsystems and the distributed DSP in each sttb- 
system. This distributed arehitecftire consists of a tester 
controller, which controls all test suiisy stems, a master 
c4ock subs>^temt two test heads, and test subsystems. The 
test subsystems include digital subsystems^ which generate 
and fetch digital patterns and signals, arbitrary waveform 
generator subsystems, and waveform digitizer subsystems. 

In ea(!h test subsystem are a DSP module, a sequencer, and 
a memor>' block. Kacli DSP module has a data trmismission 
path. The DSP modules operate on data or signals accord hi g 
to instnictions loaded from the tester controller, and the 
start ajtd stop operatir>ns are sjmchronized by the master 
sequencer or tester controller. The master sequencer 
predseiy synchronizes the timing of the other sequencers* 

The l)SP9H902 manages the memory bloc k. Data can also be 
store(i in high-speed memory in the DSP module to refiuc^e 
memory access time, which increases the processing speed 
(jf the DSP9G002. The sequencer in eacli snbsysfem cmttrols 
adtlress genei-atitju and the liming of data fetch or generation 
betw^een the memoiy block and the signal input or outi:^ut 
for memoiy-based testing. 

The advantages of this architectme aie real-time signal 
emuJation and shared signal prcjcessing. Test tliroughput is 
more th;m double the capability of conventional LSI testers, 
atid ICs cmi be e\'aluated by at-speed ftmctional tests. [>ata 
cai^ betrajLsmitted between DSP modules without CPl^ inler- 
ventioju which allows synclironoas and cfjncurretrt opemtioji 
mid sharing of signals from die DIT. 

The DSP module in the digital subsystem can fetch and gen- 
erate up to 32-bil di^itMl lest fiata. The test data is directiy 
cotmectt^d U) the data l>iis of the DSl*1:*(i002. Data can be 
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Fig. 1. Tlie HP 94B3 niised-slgnal LSI test s>^iein ardiiteclurc puts a Uk aj DSP nir>rlule m eadi test subsystom. 
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Fig. 2. Diagram of Lhe DJ^P 
ttiodiilt^ aiKi jii'bitrarj' wavefomi 
^eneratnr intorfar-o. 



trajii^inittefl between the master aiid slave siihaystenis on a 
per-|>in bims. This is necessaiy for liigh-piii-coimt dp\1ces or 
multide^dce testing. Tlie iiimiber of pins can be expanded to 
256. The analog subsystems are connected to another data 
transmission path t<j enable real-tune dala traiisniission 
across subsystems while testing. 

The DSP mrjdiile in tlie wavefonn (hgitizer fetf^hes aurl i>r o- 
cesses Jeal-Ume or buffered sampling data, aiul can (ran.smil 
data to other subsystems and the digitizer memory block. 
Real-time processing and a memor>' iiiterfare allow the rap- 
ture of DVT responses or signals witliuul resiarting ihe lesr 
sequence, Tliis is iLseful loemulcUe riiiictions sucli as LSDN 
activation. Convent ion ally, aiTollier ISlJN flevlce is used to 
generate the signals required lor tesiing iliis ftmction, but this 
method does not have the nexihility to accommodate chang- 
ing test specifications. Emiilarian of the activation seque^nce 
alsfj allows con^plete continl and synchronization widi tlie 
tc*ster during the test sequence, which is difficult witli an 
actual K\ A memory- based test system w"ould require over 
20 Mjytes of wavefonn memory to emulate this function, In 
contrast, the HP 9493 can do it with a niaxinunu wavefonn 
memory size of oidy 2 Mbytes. 

Tlie DSP niotkile in the arbiirai> wavefoni\ genemtor fetches 
data from the wavefonn men\or>' or another DSP module. 
Wavefonn data can be generated using a convenient wave- 
foHTi editor, loaded rrf>m the CPV directly, captured by the 
digitizer subsysteni. or fetched from the tiigital subsystem. 

DSP Module 

Fig. 2 shows a block diagram of the DSP module. Synchro- 
nous lines controlled by the master sequencer ai'e connected 



to tfie DSPs inteiTupt jmd the subsystems acquisition strobe, 
^llio\^Tng syi^chronoits or coherent signal processing across 
subsystems. The syn<:'hr<mons trigger lines start- operations 
of the subsystems and DSPs. 

A test program in lhe DSP module tnusl nm an initialiKatioti 
process for itny \ aiiables and global setup atid camuji start 
with the firning orijiis trigger line. F^ir comi^Ieie .H\iichro- 
nization, the DSPJ1(K)02 is cr)nt rolled to wait for an acquisi- 
tion strobe at its acknowledge input before doing any data 
sampling or generation. DSP data acquisition is s^mchro- 
nized with the DIT by this acknowledge line. The aeknowl- 
edgp line is connected to the sequencer and the at*tjuisition 
strobe to enable full synchronization of aiJ DSP modules 
within one DSP cycle. 

For digitizing, initialization starts before real-time data sam- 
pling. The acknowledge control w^aits for the acquisition 
strolie of the chgitizer before m*>\ing rlata hont ihi' digitizer to 
the DSP. Mier the hiitializalion of a tesi pingram. if the ttser 
starts a digitization, die DSPs get tlata from t he beginning of 
sampling synchronized with the strobe. Synch rorilzation is 
required to analyze vt^ctor data sucli us the I (in-phasel and 
Q (quachattu"o) outputs of a .i/4 tiQl'SK device accurately 

For waveform generation, tlie sequencer halts data move- 
ment from the DSP while the sequencer is generating data to 
the DAt\ It caji swiit:h data between tiie DSP and the wave- 
form memory during an acquisition cycle. The wavefonn in 
Fig. 3 shows an example. 

llie acquisition strobe tinting of all of the (digital and analog 
subsystems is accurately majiagetl ai the Dl T jhiis. Syn- 
chj onization accuracy on the order of 100 ps is mamtained. 
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Fig, 3. SyncJirniious w^^veform 
swttiiitiiig. The hlgl I lighted win- 
dow is m\ editor fnr programming 
waveform generation. The in- 
struction BNDSP StaaDSPON swil'.tihes 
datii 10 the DAG. Tlie waveRjrm is 
displayed in tho waveform editor 
window aJid shows the switching 
between ttte ramp from the wave- 
fonn memor}^ and the multilona 
wave from the DSP. The upper 
window is a pattern editor for 
Iirograniming a test setiiience, the 
start and stop of the synchronous 
trigger, and digilal patterns and 
formats. START ill the 3C£ i colmiui 
starts ti\e arbitrary wax^efomi 
generator seqiiencfEr and tlt^ DSP. 



The data trail amission paths allow data transiiiis^ion be- 
tween subsystems for syiicliroiiizefl interaction, and are also 
used to syiichromze the distributed DSPs with an accuracy 
of one DSP clock cycle. These paths cunfonn to the RS422 
standard. Tlie test subsystem grounds are isolated tCJ i educe 
noise transmission. 

Software 

The usual problem with a ihstributed system is tlie com- 
plexity of the control layer from the CPU and the fact that 
the signal processing function camiot be controlled directly 
by the CP! ' . To test various cliips, tlie test system software 
should be flexible enough to execute m\y DSP progrtun. Easy 
programming is required for the inputs and outputs of the test 
subsystems. The HP 949'i software hides the complexity of 
hardware eontroli and uses a prograimning style based on 
signal analysis using data flow diagrams, which consider 
signals and data flows in the test system. This programming 
style separates system hardware control and low^-level DSP 
programming so tltat DSP algoritlims can be developed 
independently of the tester 

Modular Opera tion Library. Conceptually, the test system hard- 
waie can lie tej present ed l:iy a data flow diagram as shown in 
Fig, 4. Each operation sho%^iT in Fig. 1 catt be described as 
shovvTt in Fig. 5. Each opera( ion has inputs arid otjtpnts. ami 
the user can switch the I/C") and execute die same operation 
using different subsystems. The IIP 9493 test plan language 
contiols the loading of the operiition and the VO connec- 
tions. Using this conceptual model, the complexity of hard- 
ware control can be ludden by the software, so that program- 
mers only need to defuie the input and output relationships 
betw^een operations and test subsystems. 



For operations tliat are sigruil processes such as filtering, 
algorithms can be prograninted using the DSP's assembler 
and compiler without considering the hardware subsystems. 

Test Plan Language. A tesl plan language is suppne<l to create 
test sequences for the HP 9493 test system (see Tai>le I}, 
Prograjtiming is based on the data flow diagram. 

Table I 

HP 9493 Test Plan Language 



Function 

tOAD-MDL 



Parameters 

PIN LABEL MDL 



SET-MOt-MODE PIN OPERATION-MODES 



SET-M0L4D 



SET-MOt-ARG 



READ-MOL 



LABEt INPUT OUTPUT 

LAB EL ARGUMENTS 

PINl^UM-OF'ARRAY 
RESULT-ARRAY 



Descnption 

Selection and load- 
ing of an operation 
Ubrary 

Definition of the 
operation mode of 
the DSP module 

Input and output 
definition of the 
operation hbraiy 

Setting of the argu- 
ntenis of die op- 
eration hbrary 

Readmg of outptu 
from tlie operation 
hbrar\' 



The I est j^m teaaguage can be used to execute any function 
and makes it easy to create functional tests using the DSP 
capabilities it^ the HP 9493 test system. 
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Pig. 4. Data and signal flows in the test, systerrt. This rluigrum sItoh^ 
the top level of tlie tej5l.er ardiitectiire, Tlw solid \uws indicate cltita 
l1oH«; from tlie CPU The dashed lines are synchronous control flows 

rri.xri r.!"ie rloc^k ^iyslern. 



ConcliisioiiB 

The HP 9493 mixed-signal LSI test system contains high- 
perforiitance digital signal processing niodiiles in each lest 




DSPJWEM 
RESOURCE 
Rf S MEM 

DSF.MEM 



Fig. 5- The nuMiuiar uperaUun til>nir\ (MOL.s LuiiLeplual iulkIiiIe of 
fiue rjf the operaiiuiis in Fig. 4. An oi>f?ratiuii is aii C(bje<t used to 
realize signal processing. It is an object of the DSP assembler, and is 
loaded in the DSP and e.\ecnted to process any input data to a MOL. 
Tlie processed result will be stored in DSP meiiior>' or directly out- 
put There are five l}pes of input and output for a MOL. DSP_MEM: A 
DSP has memory for st^acing circulated or downloaded data. The 
uiernory space is allocated as input or output. RESOtJRCE: A resource is 
a iesi subsystem — the digitizert the arbitrar>^ waveform generator, or 
a digital test ^'ector gericrator- This I/O line is used to input measure- 
ment data to a MOL, or to generate imd output calculated data from 
a MOL directly to tlie stiljsj'stem, ftES_MEMj A module aiemorj^ is 
arbitrary waveforni generator niemor>\ digitizer memory, or digital 
capture memory^ This I/O line is used to iaput data finom the module 
niemoiy or output data to it. 

subs>^stem. This allows data processing with synchronous 
interaction for at -speed fiinctionaJ testing of mixed -signal 
devices, Aprogratnining language for test librar^^ develop- 
nient is provided by tlie system software. Tlus helps develop 
and e.xecute fiinclional tests of vaiious niixed-signal de\dces. 
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Vector Error Testing by Automatic 
Test Equipment 

Mixed-signal testers are frequently used as specialized automatic test 
equipment in various test applications. The real-time digital signal 
processors in the HP 3493 mixed-signal LSI test system can perform 
complex tests for next-generation telecommunication devices. 

by Koji Karuhe 



In I he i\ext generation of wireless conimiinicatioris systems, 
h.igri<iua]ity leleeomnuuiicaticjii and compact eciuipnient will 
be acliieved by using new highly integrated nnilLifiinctioiial, 
mixed digital and analog de\ices. I^Hxed-signal tester's like 
the HP 9493 can test Uiese devices. Many of I he ru^wer tele- 
commimication sy s teni s use compli ca I ed u u j d n 1 a U m 1 1 n (^th - 
ods such as ji/4 DQPyK (dlffereniia] yuadratme phiise slrift 
keying), which creates Sfjc^-ialized wavefoniLs that tire very 
diffieiilt 10 aJiaiy^e. Witfi its huili-ni digital signal processors 
(DSPs), the HP 949;i can also be used to solve some of these 
difficult signal analysis problems. 

In general, a mixed-signal LSI tester is not an instrument for 
measurement hul senes as autoniatir test equipment in the 
production area. TJie most impoitant requirement Ls how 
quit kly fmli ng de\ices can be rejected bom a large number 
of passing devices. (lood repeatal>ility, wbich is a fimction of 
system stability, and usability are also required tcjr liigli 
productivity. 

Mirny of the tt»sti> peifomied by TUixed-sigrial leslers do nut 
have precise speciUcations because ofihe (^oniplexiiy of ibe 
device under test. Inside a mixed -signal device are many digi- 
tal and analog signals, and digital signals may conTipt analog 
signals and vice versa. As a result, some tests bave to be 
guaranteed statistically or experimentally. The measiuement 
of the vector eiror, t^ne of the most impntliint lest piuaineiers 
for 7c/4 DQPSK devices, belt >ngs to this categt>r>', so ii is not 
an uiifamiliiU' t.s'pe of f^st for a mixed-signal LSI test system 
like tiie HP 0493. 

We have developed a test application to measure tiie 
vector erron The test achieves high throughput and good 
repeatability. 

Roll-off Filter Design 

Fig. 1 slunv.s ilie sim[jlined block diagrajn of a transmitter 
baseband device. This device lias four signal pi'ocessing 
blocks. First, the serial -to-parallel converter conv cits serial 
data to iwo-lnt v\ictth. Tlie next block encodes the data dif- 
tcrentially aiui maj>s it ini<:i the coo I'd in ales of the signal 
^ace accord Jng to the signal si>aee tliagram sbowTi in Fig. 2. 
The filial roll-off filters are a kind of low-pass filter called 
"root raised-cosine" filters, defined by: 
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Fig. 1- Baseband transmitter device for jt/4 DQPSK modulation. 
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where f is tbe frequency in iTcHz, T is Oie data symbol period 
in seconds, and u is the roll-off coefficient. 

The n/i DQPSK receiver also has root raised-cosine filters 
such that tbe overall filter chiU'act eristic is raised-cosine wifii 
an impulse response that results in a state of no intersymbf)! 
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Fig. 2. Signal space diagram of ji/4 DQPSK mcxiulatiori. 
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Fig. 3, (a) I-Q signal without filters, (b) I-Q signal with root raistf i- 
<!rjsine filters 

interference, as showii Fig. 3b. For this test the receiver 
fillers are emulated in the HP 9493 test system ttsing the 
digital signal processing capabilities. To obtain the required 
Lnipiilse response, we use S-symbol-deep FTR (finite impulse 
response) filters, where 8-synibol-deep means tliat the dui^- 
tioit (.)f the filter itnpiiisc response coiTesponds to eight data 
synibol limes. The design employs \irtual oA^ersampling^ 
anci multirate techniques^ to achieve higli- resolution delay 
ac^justment and high throughput." 

Symbol Timing Extraction 

The Research iun\ Ueveloptnent Center for Radio Systems in 
Japait specifies the vector en or iis follows/^ The ideal tarns- 
mitted signal after final filtering is: 



S(k) = SCk-l)eit^^^S<>J^^^ 



where B(k) is defmed by the following table. 
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The actual ti^ansmitted signal after final filtering is: 
Z(kJ = [Co + Ci(S(k} + E(k))lW^ 

where W = ef'r+jHii jfir |ihasf» offset da (radians/symbol) atid 
iuui>litude change dr (ne(>ers/symbolJ 
C() = arbitraiy ccmiplcx constant representing the 
offset of the origin caused by imbalance of the 
quadrattnr murhilaK n^ 
Ci = ai'bitrar^' comjjlex cnnstani dciertiiined by tlie 
pha^^ and pcmcr t>f (he Iransruitler 
E(k) = vector error. 

Then tlie sum of the squared vector errors is: 

£ |E(k)l' = ^ |([Zfk)W-'" - Co]/Ci) - S(k)f. 



k=tilhl 



k-miii 



System designers attempt to ininimize this error by selection 
ofCotCi,midW. 

To calculate die vector knnn\ C(j, C't, and W must he deter- 
fiimed. For a baseband transmitter device, the frequen<ry 
offset described l>y VV is zertj ht^cause the f atid Q signals are 
obst*rv'ed withtrut quach'ature motiulatioji thai shifts the signal 
freciiiency. The offset of the origin described by (.'(fcan be 
obtained easily by statistics. To determine C|. a method of 
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Q-Channer 
WaveforTTv 



Fig, 4, < onv-entioiiai riieuiod ol sjiiiDol tiriuiig c-xiraction. 

extracting the phase of the signal (symbol timing) has to be 
designed. In concrete terms, the function of symbol timing 
extraction is to find the eight convergence points of the 
filtered I-Q signal shown m Fig. Sb. 

The conventiorial method of extracting ^TUbol timing is 
envelope detection of the squai'ed signal as shown ki Fig. 4, 
Tlie phase extracted by this method is a little different fiom 
the "best phase" because diis method observes only a nar- 
row bandwidtit aroimd one-half the symbol frequency and 
ignores the group delay of tlte acttmi devices. Fig. 5 shows 
the tinung error for this inediod of symbol extraction as a 
function of the calculated vector eiTor, obtained liy simula- 
tion. Accorditig to tliis figure, timuig error must be v^lthin 10 
ns to achieve repeatability* within less than 0,1%. Therefore, 
instead of the envelope detection method, we adopted a 
specialized search method that fiuds the actual niuumimi 
vector error. 

Implementation 

In a :i/4 DQPSK receiver, the extracted symbol timing is fed 
back to the digitizer clock inputs, hi the HP 9493, this is sim- 
ulated by using a4iustable-delay filters in firout of the signal 
processing. 

Fig. C shows the sunpUfied t}lock diagram of the vector error 
test. Tlie test uses two lO-bit chgitizers to digitize the I arid Q 
signals indcpcndctitly anil uses two sets of leal-time DSPs to 
process both signals at tlie same time. Eacli digitized signal 
with 16-bit resolution is transferred into the roUoff filters and 
jjrocessed by otte of the 8-sytubohdeep FIR filters, hi effect* 
there are 51^ of tiu^se fd ters, each having a slightly ditferent 
delay The delay is selected by recdbatk from stil)se<tut*nt 
l>tocks. Next, gaht erroj' cUid offset are at^justcd and then 
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Fig. 5. Syinbol tirniiiji error a^ r> i'luiction of c^Eileulated vpctor error. 
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Real -Time Oigitat Sigtrsl Processor 



J-Clisnnel 
Waweform 



Digili^er 



Wavefofm 



16'B(I 
I MHz 

Ojgitiztr 




\^ ^^ ^IBpl 



VeciEjr Error to 
Tqs( Program 



Syrttbol Umlng 



Fig, 6, ll]iirk iltdgrmu nrilu* UP 0493 vector emir test,. 

squared vector errors are calculated by comparing the 
actual synil)ol locations in the 1-Q plane wi(h the itlenl Inca- 
tions, which are (letenuineti by the slieers. The .sUttistics and 
control block searches for the best synUiol Imiing to mini- 
mize the vert or eiTor by cliaiigmg the rnll-tjlT filter delay, 
wliich changes the symlu>l timing. 

The roll-off filters are des^igned to have a high virtual conver- 
sion fiequency of 2048 times the sym})ol trerjiienry, which 
corresponds to about 2.5-ns delay rcstjlutioii in die IIP 9493. 

Analog Tiinm^ Skew 

Groujj lie lay in the band froiu zero to the baud rate causes 
synciironization eiixu; Analog timing skew between digitiz- 
ers also directly reduces I he accuracy <.jf the vectoi^ error 
measurement. In the HP 9493 test system, the effect of tim- 
ing skew Is eliminated by regular calibration, so the user 



need only make sure that the cable lengths of the I channel 
and the Q channel are same on the DL^ board. 
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High-Frequency Impedance Analyzer 

A new one-port impedance analyzer measures high-frequency devices up 
to 1.8 GHz. Using a current-voltage method, it makes precise measure- 
ments over a wide impedance range. A special calibration method using a 
low-loss capacitor realizes an accurate high-Q device measurement Many 
types of test fixtures are introduced because they are a key element in 
any lest system. 

t>y Takaiiori Yonekura 



In research and development, component qualification, and 
RF and digital manufactming. there is increasingly a need to 
make impedance measurements on chip components, such as 
chip inductors, capacitors, vai'actor diodes, and p-i-n diodes, 
and on other surface mount devices. Often tlie capaciumces 
and inductances are ver>^ small ami have Impedances nmch 
greater or much less than 50 ohms at the operating frequen- 
cies. TYaditionally, vector tietwork analy:zers are used to 
measure impedance in U^e HF range, but they are limited to 
measuring impedances near 50 ohms. 

The new HP 429 1 A RF impedance analyzer (Fig. 1) is de- 
signed for passive surface momit de\ice testing and niaterial 
analysis at frequencies from 1 MHz to 1.8 GHz. Using an RF 
current -voltage measurement technique, it provides im- 
proved measinemcnt accmacy over a wide impedance 
range, making it possible to test components at operating 
frequencies and to evaluate non-50-ohin components more 
accurately. 

New surface mount component test fixtures for use with the 
new analyzer save time and eliminate the need for custom 

This paper >s a revrsed antJ ypdatat! ve^sjon o' leierence 1 and iS published here wfth permis- 
sion of the ElBctfonic Compon&nts InstitutB Intemattmalfi ltd. 



fixtures. These frxtures and the analyzer's built-in calibration 
and compensation routines ensure measurement accuracy. 

The aitabTser's firmware provides direct impedance reading, 
fi'equency-swept measurements and many ad\^iced func- 
tions such as equivalent circuit analysis, limit lines, and 
markers. 

General Impedance Measurements 

A general in\pedance measurement schematic using two 
vector voltmeters is shown in Fig. 2. In this case, tJie tnie 
impedance (Zj^) of a device under test fDtTT) is detennined 
by measuring the voltages between any two different pairs 
of points in a linear circuit. 



Z. = Ki 



K2 + V, 
1 + KsVr' 



m 



where Ki, K2, and Krj are complex constants and V^ is the 
voltage ratio V^A'^. 

There are three unknown parameters related to the circuit 
in equation 1. Once we know these parameters, we can cal- 
culatt* the impedance of the Dl T fiom the measured voltage 




Fig. 1. Tiw HP 42SJ1A RF irTiped^ 
aiice analyzer measures imped- 
ances of coniportentis and materi- 
als at frequencies from 1 MHz to 
1 H GHz. New surface nu>unt test 
fixt.ui-es and Ijuitl -in call bra lion 
and compensation routines emure 
at^njracy. 



UclobtT 1 mi Hp w Ivit- r:ickard iuuntf J 67 



)Copr. 1949-1998 Hewlett-Packard Co. 



Ct] 




Fig, 2. General schematic for impedaitce measur^nent usii^ two 
vector voltmeters. 

ratio Vj- = V2A^'i. The procedure that estimates these circuit 
parameters is called calibration aiid one metliod is opeit- 
&}W7i'kjad (OSL) calibration. Calculation of Z^ trom the 
me^asiired voltage ratio Vj^ according to equation 1 is called 
corr^ection. 

IVaiisducers 

We call a linear circuit such as the one in Fig. 2— one that 
relates a signal source, two vector voltmeters, and a DUT — 
a hunsduver. TVansducei^ are the key element in impedance 
measui^ements. IVo t^pcs of transducers of interest here aie 
the directional bridge and the transducer in a cuircnt-voltage 
(I-V) n\ed\od. l^ls cornpaie tiiese in lemis of ihelr sensitl\1ty 
to gain variance m the vector voltmeters in Fig. 2. 

Directional Bridge. Directional bridges (see Fig. 3^ aie used 
in mmiy network analyzers, mainly to measure impedances 
near 50 ohms. In this case, the bilinear iransformation is: 



2s — Ro 



1 + r 
1 - r' 



(2) 



where T ^ (Z^ - R(J/(Zk + I^n) JS the reflection coefficientt V^ 
= V2A^i - (-l/8)r, and Yi^y - 50 ohms is the characleristic 
impedance. The t^a^'ametei^ in equation 1 are Ki - -8Ro, K2 
= -1/8, and K;^ = 8. 

Now assume tliat the vector voltmeters in F^ig. 3 are no( 
ideal but have some gain vaiiance. The measured voltages 
V| and Vo and the calculated impedance Z-^ are: 




$> © 



V2 = (-V8)Era2 

z^^RoCi + ryci^n, 

where oi is tlie gain of vector voltmeter 1, ci^ is the gain of 
vector voltmeter 2, T = -SViOr is the measured reflection 
coefficient, V^ - V2A/'i is the voltage ratio, and ar - ai/a2 is 
the ratio of the voltmeter gains. 

We define the calculated impedaiice sensitivity S to the volt- 
meters' gain variance as follow^si 



S = 



6ar/ar ' 



m 



This sensitivity can be considered as the inverse of the mag- 
nification of gain variance. Hie smaller S is, the smaller the 
error in the caJculated impedance. 

For the directional bridge, equation 3 is: 



S = 



6Zx bV Ut 1 Zi ' R| 



6r 6arZx 2 ZjfRo 



= 



for |2kI C Ro 
for|Zxl = Ro 
for IZ,,! > Ro. 



Tills implies that this type of transducer has Uttle sensitivity 
to the voltmeter gain vaiiance when the DUT impedance is 
near R^ (50 ohms), The gain variance of the voltmeters be- 
haves as an offset impedance witb a magnitude of (l/2)Ro 
|A(tj/ctrl when the DUT impedance is mucli smaller than Rq, 
where Actr is the change in the gain ratio n^^ Tlie gain vari- 
ance of the voltmeters behaves as an offset admittance with 
a magnitude of i\/2)Gi\Aa^ii^\ when the DUT impedance is 
much larger dian R, ^^ w^here G^^ = l/R^^. 

Fig. 4 shows this characteristic. 

I~V Method. Pig, 5 shows the simplest transducer for the T-V 
nietiuxi. The bilinear transfonuation hi this case is: 



Zx - Rn^r^ 



(4) 



where Ry = 50 ohms is a resistor diat convert~s the DUT cur- 
rent to a voltage and V,- = V^A^j. The parameters in equation 
1 are Ki = Ro, K2 = 0, and K) = 0. 

We also assume dial there is some gain variance in the vec- 
tor voltnieteiB in Fig. 5. The measiu'cd voltages Vi and Vg 
ai'e related to the calculated impedance Zjr as follows: 



V2 = a2E 



Ro 



j^s + Ro 
Zx + Ro 



where ai is die gain of vector voltmeter 1, a^ is the gain of 
vector voltmeter 2, and \\ = V^A'i is the voltage ratio. Thus, 

Zx = RoVrfin 

where ct^ - ox/a^ is the ratio of the voitmeter gains. 



Fig, 3. Directional bridge circuit. 
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Fig, 4, Senmtivity of the directJtmal bridge and TV ruetlKxis to 

vrjltmotf r ftain varlaiicc^. 

In this case^ the sensitivity is given by: 
6Zx/Zx 



S = 



ftar/a, 



= L 



Tile error ratio (AZ^j^)/(AajJar) is dways constant and e<iuaJ 
to unity. For exainplc, if the voltJiu^tf^r gain ratio at changes 
by 1%, an iinpedance error of 1% is inciiiTf^d for any DIIT. 

New RF Itiipedaitce Analyzer 

The forei^oirig analysis siiows (hal tlie \fjllnielor g;iin varianre 
is neidter stiijpressed nor Jiiagnifietl i'or all Dl JT impedanr es 
by an l-V niethfjd transducer, Tliis (/haracteristic is desira!)U^ 
for wide impefi;mce nteastning rapability. Therefore, we 
adopied tiiis type of transdiuer for the new HP 4291 A 
one-port RF impedance analyzer. 

Fig. (> shows the basic ciicuil ofihe transdnrer in d^e HP 
4291 A, wliicli is a modified version of Fig. 5. The high- 
impedance eoiifignration (switch doused) realijses perfect open 
and imperfect siiort conditions, while the low-impedance 
coritlgnraiion (switch open) realizes imj>erfecT open and 
perfect short conditions/'' hi either switch position, the 
oiitptU imt>edance at; the Dl'T poit is alw^ays Ro- 



r^ 






s 







Fig. 6, Basic transducer circuit of the HP 4^in A RF impedance^ ana- 
lyzeT with sivitcii indicating C'trcHiit coiiEgiu'aUrins for higli-irnpe<iance 
and low-imjiHi^dance measurements. 

Fig. 7 siK>ws the actual HP 4291 A transducer circiiit conjfigu- 
rations. A nun^ber of considerations influenced the design of 
tliese circLiits. First, because a wideband switch witli small 
nonlinearit>- and small transients over a wide signal range is 
not easily 1 1 alizt'd. we divided the circitit of Fig. (3 into tw'o 
separate cite nits. Sccontl, Ijecaiise the tnininium frequency 
of the analyzer Is 1 MHz, the floating vokmeier (Vj), which 
conesponds to the current meter, is easily realized by using 
a baiun. Tlnr<l. we adopted a circuit in which the voltmeter 
readuigs change by the same f)ercentage if the floating im- 
pedance of the bEilim changes. Thus, the voltage ratio Vf 
does not change and stable impedance nieasurentents are 
realized- 

Block Diagratn 

A concejjtiial block diagram of the IIP 4291 A including the 
transducer discussed above is shown in Big, 8. CJnly the parts 
leknani to ibis dis< ussioti are included. The n tain frame is 
similar to the HP 43.MjA network and spectrum anjilyiser,^^ 

Two key features of the IIP 4291 A ;ire time division multi- 
plex operation and impedance ranging. Two voltmeters are 
obtained by time division multiplexing one vciltmeter. The 
mtdtiplexing |>ent)d is 2 ms. This ensures that slow drift of 
the vohnu'ter gain does not lUTecl the hupetlance measitre- 
ment. With ibis metbodj thesignjU imtli after die multiplexer 
can be exi ended. The HP 4291 A uses a LB-m cable between 
the trajtsducer anrl the instrument mainframe. This allows 
wide Oexibility in con suijc ting a test system tising atUo- 
malic tievice handlers. The single-path configuration results 
in good temt>erature characteristics even witli an extcndt^l 
cable. 

At frequencies below^ 200 MHz there is an expajided range. 
In the expanded range there is a gain difference betw^een the 
voltage chajtnel and the cunem chamtel ahead of the nmtti- 
plexen This itiipedance rattging olTerssiabU^ tneasmements 
for Dl'Ts Willi int|)etlmires fliai differ greatly from 50 ohms. 

Fig. 9 shows ItP 4291 A impedance measurement specifica- 
dons. General error factors are the uiicertaiitties of standarcls 



Fig, 5, I Vnu^hod. 



' A perfect opm coikcjitiDn rnesns that voltmete/ Vi rsMs ima wjth the DlTT port opun, A perfect 
shoft cOfiilftiofT means that vultmeter V^ ^eads 2Bm with the DUT port st^orted 
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Fig, 7, (a) Actual HP 4291 A transducer circuit for low-iritpedancie 
measurempnts. 0^) Circuit Tor hij^h-iinpedarce measurements. 

used in the calibration, instiabilities, and interpolation errors. 
The instabilities consist mainly of connection nonrepeatabil- 
Lty, long-tenn cirift, circiiii nonlinearity, temperature coeffi- 
cients, and noise. The jnstabilitiej^ and utteri-iolatioti errors 
are small enough that the impedance phase errors can be 
reduced by means of the special calibration discussed next. 

High-Q Measurements 

Nornuihy, ilie accuracy retjuirement for impedance phase 
measurements is greater than that for iit^pe dance magnitude 
measurements. The HP 429 lA has a special ^ easy-lo-use. 
calibration for measiuements of de\ices ha\ing higli Q 
(quality factor). 

Even if the stability of the uistrunient is good enougli, accu- 
rate Q measurements cannot be made without ade<|iiate 
phase calibration. For uistance, if we want to measure tlie Q 
factor with IM unceitaint^'^ for a Dl'T whose Q value is 100, 
tlie imcertainty in piiase must be smaller tit^m 1Q~^\ Tiie phase 
accuracy of the instamient is detemuned almost entirely by 
the imcertainty of tlie 5Ck>hm load st^mdard used in the OSL 



calibration. One way to improve phase measurement accu- 
racy is to use a phase-calibrated load standard. HowTver, it 
is not guaranteed that the phase uncertainty tor a calibrated 
50-olmi load is smaller thaji 1 0"'^ at high frequencies, such as 
1 GHz. 

Another way to improve phase measurement accuracy is to 
use, in addition to the nonnal open-short-load standards, a 
low -loss air cai)aritnr as a second load ( L0AD2), The dissipa- 
tion factor ( D) of the air capacitor should be below lO^'^ at 
arotmd 1 GHz. Witli tliis method, the uncertainty in the mea- 
sured phase is decreased from the phase imcertainty of the 
50-ohm load (LOAOl) to the micertaiiity of the dissipation 
factor D of the low^-toss capacitor (tOAD2) for almost all DITT 
impedances, Tlie next section gives the details of this 
method. 

Modified OSL Calibration^ 

We waiU a Ctilibraiiou uiethod that reduces the error in 
phase measurement in spite of the existence of phase eiror 
for the 5D-ohm load. We have the 50-01101 load stand ai'd 
whose impedance magnitude is known but whose iuiped- 
ant*e phase is not. We acid another load (L0AD2) whose im- 
pedance phase is known Imt whose impedance magnitude is 
not. We use a low-loss capacitor as the second ioad. There 
are stiO at most tJnee mrknowTi circuit parameters. How^- 
ever, tw^o more unknov^ns related to standards are added. 
Let us define the problem. There are eight real unknown 
parameters: 

• C'ircuit partmieter Ki (two real paranieters) 

• Circuit parameter K2 (two real paranteters) 
> ( -ircuit parameter K3 (tw^o real piu'ameters) 

• The impedance phase Bi^ji of the SO-ohm load (one real 
parameter) 

• Tlie impedance magnitude Zajjg igg of the low4oss ca.pacitor 
L0AO2 (one real parameter). 

We have solved tliis problem analytically. For the simplest 
case where both the open and the short stand ai"d are ideal, 
the three circuit parameters are foimd as follows: 






m> 



where: 



R^, = characteristic impedance 
A = (1 - Z|j,i|Yt,iiTy(2]fni - Zsni) 



Y(,,iT = measured admittance for open standard 
Zj^ji, = measured impedance for short standard 
Zinii = measured impedant e f<:)r load standard i 

(i- 1 fortOADI, i-2forL0AD2) 
Zisi - true impedance for load standard i 

2^1sl = 2iibs_lsie^Gf^lsl) 
2b2 = 2abs_b2^xpCit)is2) 
«lsl = f)2-tJl + 0ls2 
^abB_ls2 - (Ai/A2)Zatis^lsl 
7iubs_M - impedance magnitude for LOAOl 
(50-ohm, known) 
6ia2 - mipediuice phase for tOAD2 
(low -loss capacitor, known) 
Bi - arg(tl " Zu,u%:mO/(Zlinl " Zsm)) 
% = arg((l - Z,^^YonT)/(Zin^ - ^sr^J) 
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Fig. &* Ca) Errors for impedance magnitude with the transducer 
for \\\g\\ impedance, (b) Errors for Inipedance magnitude witfi liit- 

trajistiuc;er for low impedance. 

A] = 1(1 - Zjfiii Ytjni)/(Zinu - ZsnOl 
A- - 1(1 - Zin,:;Yon,yCZlm2 " 2sm)l 

For thp actual case tliese circuit parameters are expressed 
by far more complicated equations. Therefore, we adopted 
a simpler procedm-e consisting of two steps. Step 1 Ls as 
follows: 

• Regard the impedance of tlte 50-ohm load as Zigj = 50+jO 
(that is, the phase of L0AD1 is zero). 

• Find the circuit p;irajneiers Ki, K^, and Ki by normal OSL 
calibration using tlie load value Z|yi. 

• Execute correction for LOAD 2 and get the corrected 
impedance Zeorr^* 

• Calculate the phase different^e AB between the phase of 
^■orT2 ^^fi Tite true phase of LOADZ. 

Step 2 is as follows: 

• Modify the impedance of L0AD1 to Z\^i w^hose phase is -A9 
and whose impedance magnitude is still 50 ohms. 

• Calculate the circuit parameters again by normal OSL 
calibration using die modified load impedance Zl^i. 

Although Uus is ati approximate method, it is accurate 
enough for our purposes. We call this metliod tlie modified 
OSL Galibralion. 



Pha^e MeaMuremeitt Errors 

The follow ing enor factors affect phase measurement 
accuracy using the modified OSL calihration: 
■ llnceriainty in the impedance magnitude of L0AD1 

• Impedance phase of LOAD 1 

• Inipedartce magnitude of L0A02 

• Uncertainty iit the impedance phase of L0AD2 

• Unceitalnty iit the admittance magnitude of the open 
staitdard. 

Notice that the second and tliird factors would not cause 
any error if we w^ere using the analytical solution. Computer 
sunulaiions have showTi tiiat: 

• The pliiise measiu-ement error caused by the uncertainty in 
the impedance magnitude of LOAD! is snialL 

• The piiasc nieasiirement error caused by the intpedatire 
phase of LOAD 1 is small. 

• The phiise nie^isurenient error caused by the impedance 
magnitude of LOADZ is smaU. 

• Tlie tmcertamty in the impedance phase of LOAD! directly 
affects the phase measurentent error. 

• For reactive DUTs. the phase measurement error caused by 
the uncertaitity in tJte adnuitance magnitude of the open 
staitdai'd (|A\;jpt,„|) is reduced to |HoAY,,p^ni(Copen/Cis2) in 
the modified OSL calibration, where R^ is the chai acteristic 
impedance (50 ohnts), C'^p^vn is the capacitaiice of tlte oi>en 
staiidard, and C.\^2 i^ the capacitance of L0AD2 (Ifjw-loss 
capacitor), bi the case of resistive DUTs, the error is the 
same as in the nomtal OSL calibration. 

Fig. 10 shows the relationship between the phase eiTor |AB| 
and the DUT impedance when the LOAD 2 phase unceitalnty 
lAB^g^l is 500x10"*' radian in the modified OSL calibration. 
The relationship between |AOj and the DLT impeclance is 
show^n ui Fig. 11 w^hen the open achnittancc tmcertainty 
lAYope^jil is 5 fF m tlie modified OSL cahbration. 

In simimary, the phase measurement error w^hen using the 
niadified OSL calibration is mauily determined by tiie uncer- 
tainty in the impedance phase of LOADZ and the uncertainty' 
in the admittance magititude of the open standard. We now 
evaluate these two items. The D factor for the capacitor (3 
pF) used in tlte cahbration can be small because Lite capaci- 
tors dimensions are small and the space betw'een the imier 
and outer conductors is filled ahnost completely with air. 



It 




Resistive 



la 100 



1000 >4p J to^ooo 



Fig. 10. Relafionship between pliaae measurement error and the 
uitcertainty AOi^ m the impedance phase of LOADZ (low-loss capacitor) 
ai 1 GHz for resistive and reaertve DUTs. IZfjpenl is the impedance of 
the open standard (about 2000 ohms). 
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Fig. 1 L Relationship betwet^n phase measurenieni error aiid tiie 
uncertainty^ in the admittance magnii,ude of tiie open standarfj at 1 
GHz for resistive and reaciive DlJTs. AB\ = |RtAYop<jnlCopeiT^Cis2 
where R^ is the diaracteristic impedanee (approximHtely 50 ohnis}^ 
lAYopetil ^s the uncertiiinty in tlie aciimttantie magnitude of the open 
standajtJ (about 30 \iS), C^p^^ = 100 fF, and C|£^ = 3 pF. [Zopenf is the 
impedance of the open standard (about 2000 ohms). 

The D value has been estimated as 500x1 CH' at 1 GHz in a 
residual resistance measorement at the series resonant fre- 
quency. Tiie D factor increases \vith frequency f as f^'* be- 
cause of the skin effect. By using zero as the D value for tile 
capacitor duiing calibration, a phase measurement error of 
500x10"^ is incurred at I GHz^ Tlie Lmcertainty for the open 
capacitance is ±5 fF at most, leading to a phase measure- 
ment error less tlian ±100x10^*^ at 1 GHz. Overall, a phase 
measurement micertainty of 500x10^^ is incurred by ushtg 
the modified OSL cahbration. 

Impedance TVaceability 

For an impedance performance elieck using the top-down 
methocH we set u]d a kit traceable to ILS. national standards. 
This kit is calibrated annually at our in-house standards labo- 
ratoiy, Tv^'o ni^jor itenis in tlie kit tire tlie r>OH:)hm load and a 
lO-cm-long, 50-ohni, beadless air line. Tiie 5()-ohm load is 
desirable t^ecause iLs frequency characteristic for impedance 
is very flat. Tlie struct ui'e of the air hne is very simple, so it 
is easy to predict its frequency characteristic and it is conve- 
nient to realize various impedances by changing frequencies 
with the line temuitate<l in an open or short circuih 

The trace^ility path for the kit is shown in Fig, 12. The im- 
pedance characteristic of open-ended and short-^ncied air 
lines can be calculated theoretically from their dimensions 
and resistivity.'^ However* it is not easy to design a systent to 
calibrate the dimensions of the air line in each individual kit. 
Therefore, only the dimensions of the reference air line of 
our standards laborat or>^ is periodic^illy calilirated. Calihra- 
tion of the individual air line is executed by a network ana- 
lyzer calibrated from the reference air hne. The 50-olmi load 
calibration is done mainly by the quarter-wave imperlance 
method find dc resistance n^eastirement, Tlie open termina- 
tion is calibrated by a ca|jacitajicc bri<lge at low freciuejiiies 
and by the network analy^^er at higli fretiuencies. Tlie short 
terminal irjti is treated as ideal Uncertainties for tiie short 
termittation conisist of skin effect and nonrepeatat>ilities. 



NilHiiist StaMterdt <y.SA iflSD 



CapiftEitBiicB 



AlteiH0tMM 

Measomnent 
Systesi 



Endqn nt Urw 



0Cft 



AttMiDatimi 



tDocoom 



Reference 
Air tine 



S-Parameier 

CalcMlation 

SfStetn 



MDnograph 



Measufeftient 



S-Parameters 



Reffection IWea^uremeiH 
System (Net work Aiiat^zert 



OpeA T«rminaiioit 



T 



Op en 'En [led 
A if Line 



I I 

V 



lUiafier-Wavf 

Jmpeitance 

Merhad 



Sfioft-EiHiad 
AirUiiift 



i! 



DCR 



BHQUeil 



lODC = Irhside Diameter ot Outer C<»ndtJCtor 
ODtC = Outside Diameter of litnef Conductor 
DCR = DC Resistance 

Fig. 12. TVaceability path for the perforrnaiice te.st kit, 

Te»t Fixtures 

In actual n^easmements, test fixtures are needed to accom- 
modate tlifferent -shaped DirHs. As tJie frequency range goes 
up, fixtures that are able to himdle smaller devices are 
needed. We havr developed four types of fLxtures: 
' A fixture for surface mount devices with bottom electrodes 
' A fixture for suriace moiutt devices with side elecUodes 
' A fixture for very^ small surface mount devices 
' A fixture for leaded ccmiponents. 

To reduce the error at the fixture terminal if is necessary to 
muiiniLze the length from the reference plane of tJie APC-7 
coiuiector to the fixture tenninaJ and to niinunize the con- 
nection nonrepeatabiliQ^'. The new fixtures' repeatability is 
almost five times better tlian our old ones. Tlie typical non- 
repeatability of tlie surface ntoimt device frxttues is ±50 pH 
and ±'30 niohms for short-circuit measurements and ±5 fF 
and ±2 mS for open-circuit measurements. 

Fixture contpensation Is hid tided in the nrmware corre- 
sponding to c:orrectioii at tlie Itxture teniiind. This reduces 
tiie errors generated in the circuit between tiie reference 
plane and the fixture tennhial. The best coniperusation 
method is the (3SL method. However, it is not ea^ to prepare 
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Fig. 13- Open-short-load (OSL) lixtiire compensation versus IIP 

4291 A fixt.ure port extension plus open-shorl compensation. 

a standard load having exceHeni frequency chamct eristics. 
As a more realistic aiteniative we provide another com- 
pensation function: fixture port extension combineci i^itli 
open-slioit correction at tlie fixture plane. This method as- 
smncs that there is a shoit transmission line between the 
APC-7 terminal of the transducer head and the DUT comiec- 
tor or the fixlure (see Fig, 13). Wien the user selects one of 
our ne%v fixtures on the HP 4291 A display, an appropilate 
ftxttire port extension value — im equivaieni length of ideal 
50-ohm hne pre\4oiisly detertnined for that fixture — is auto- 
matically set. The user then performs a compensation using 
open and short circuits. 

The difference between the OSL method and the HP 4291 A 
metltod is thai the OSL method assumes ideal open, short, 
and load siandards while the HP 42PIA method assumes 
ideal open and shot! standards ajicl an ideal transmission 
line. We feel that the asstnnption of an ideal transmission 
hne is more realistic than the assinuption of an ideal load for 
compensation over a wide frequency range. 
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Fig» 14, '[^t-jjical error f:rHitributions of tlip new test fixtures after 
fixture compensation. 

Fig* 14 shows the typical test fixture en or contributions 
when using this compensation function. Tlrese values are 
altnost three times better than the enors for our former type 
of fixt tires. 

Conclusion 

Selection of a transducer (as defined on page 68) is impor- 
tant for accurate inipedance measm'ement. A new type of 
transducer based on the currerit -voltage metliod and ha\iiig 
wide impedance measuring capability is used in the new HP 
4201 A RF impedance analyzer. A new phase calibration 
technique, a modified OSL calibration, has also been clevel- 
oxjed. It uses a low-loss capacitor as the second load and 
makes accurate Q measurentents possible. 
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Mrtual Remote: 

The Centralized Expert 

Remote operation of bit error rate test sets using an X Windows based 
"virtual instrument" allows network operators to monitor remote sites from 
a central office. The extensive use of s common firmware development 
platform allowed the fast-track development of virtual remote software 
and rapid integration into all instruments built using the platform. 

by Hamish Butler 



In today's competitive marketplace, network operators must 
pro\ifie their customers with a cost-effecirv*e and efficient 
service. Laj^ge corijorate customers expect the network op- 
rnvtyr to provide a guaranteed quality of service at tlie best 
1 HJ^5:^Ible price. Thl^ meai^s that the network operator has 
to run the neti^'ork as efficiently as possible ajid as cheaply 
as possible. Let's look at tlie issues of efficiency and cost 
separately. 

Firsts the network must be efficient. That is, it must relial:>ly 
transport customer data on demand. It must have a low error 
rate and high uptime. If data is lost in tiansit or if customers 
are unable to send data because the network is down they 
are likely tti switi-h to another carrier. It is no longer accept- 
able for the t>etwork operator to wait for faults ti> be reporteti 
and th<*n to fix them; a t)reventive mainienajtce approach is 
required. Preventive maintenance mvolves ntonitoring the 
performance of the network links and looking for any degra- 
dation in j>erformance. If the t>erformance degrades beyond 
a certain level tlie cusiomer tJtd'fic nuist be s wit died to an- 
cither data link with tJie required \eve\ of j>erformajire. The 
defective link miist tlien be fijted as quickly as possible. 

Network operators my si be able to pnjvide a competitively 
priced service to tiieir customers and still be able to run the 
network and make a jirofit. T\\is places heavy demands on 
network test iinfi maiiitenaju^e: 

• Test and tndtiienance departments are under pressure to 
maintain the required level of service using fewer stafl'. 

• Exjjenses are ut^der tight control. Traveling between sites is 
expensive aiifi unproductive. 

• Network capacity is at a premiimi. The amotmt of spare 
capacity tiiat can be held in reserve is limited. If a data link 
has errors and tiiiffic is switched to a si j are ILnl^ it is proiiv 
able thai the errored link must be fixed as soon as possible 
so that it can then provide the spare capac^ity. 

TVaditional approaches have used ctanparatively loW'Skillefl 
technicians to pravide the first level of tioubleshooting ajid 
maintenance. These technicians may have been based at 
remote sites or based at a central site and dispatched to 
remote sites as required. If tliese technicians were imable to 
diagnose a fault a more skilled teclmicimi was sent to the 
remote site. This process is timc*-consuniing, expensive, and 
[jrone to error. It is not mikno wn for a technician to travel to 
a remote site only to find lliat (he fault lies somewhere else. 



Sometimes the miskilled technician has even introduced 
faults into the system while attempting to diagnose the 
original faidt. 

The ability to perform testing of remote sites from a central 
office has many ad\^antagcs. SkiMed technicians can be con- 
centrated at one site. Less time is spent traveling, Fault loca- 
tions can be diagnosed before dispatching technicians to fix 
the faults. r*revenii\'e tnaintenance is improved througli the 
ability to monitor many remote sites from one |)lace, 

Hie traditional approach to such centralized testing lias 
been to locate portaiile test equipment at remote sites itiKl 
to communicate widi these instnunents usijig an RS-232 link 
and modems. Using this metliod it was norma] to interrogate 
the instrument by wiiting a controller program for a P(* or 
workstation. This method is restricted bt^raus*^ of the lim- 
ited amoimt of information that is relnnied to tlie operator. 
The operator is only given the information tliat the program- 
mer requested when the program was written. For example, 
if the program is monitoring one or more selected results 
and sometiii!ig ttiat is nt)t being motutored by the program 
ch^iges, there will be no imniediate feedback. 

It is somefimes necessaty fftr tlie skilled tet^lmician at the 
central site to give instnit^tions to an unsldlied technician al 
the remote site. Using the above method the skilled techni- 
cian has no direct feedback of the tasks perfonnetl by tlie 
unskilled te<*hniciim. 

The Virtual Instrument 

Engineer at tlie HP Queensferry Telecommunications C^ 
eration have been deveiot>ing uistnmient firmware using an 
X Window s uistnmvent simulation for several years. The 
engineers responsible for tlie instrument sinmlator had 
often tJiought how useful it w^ould be if the sinuilator could 
be used to control an actual instiaunent. 

In the second half of 1991 an HP Held engineer started 
working with a large network operator on a contract for HP 
releconuutmlcatioits test sets and coni};juters. This customer 
wiis setting up a large-scale centrtilized test and mainte- 
nance system \a uionitor the network. Working with the 
rustonier the IIP fielil engineer developi'd the idea of the 
virtual instniment. 
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Fig» 1. An iinage of r.wo iiis1:rLmieiits m .a "dark ofEce" supeiiitiposed 
on ail tniage of an operaior at a workstaiion using virtual remote soft- 
ware to control the two instruments. Representations of the instru- 
ments* front panel aje displayed on the screen. 

This was U\e vision presented to the customer: From a 
siitgJe central office, customer personnel would be able to 
use an HP workstation to bring up an accurate simulation of 
a remote instmment on the display. They would be able to 
display several instruments sinniliancously. Vlg^ 1 illustrates 
this concept. The photograph shows a^i operator in a central 
office using virtual remote to control two instiiaments in a 
distant "dark office." Each \irtiial instrunient would be oper- 
ated by using tiie mouse to press keys. These key presses 
would be relayed to tlie remote instrument. As tlie remote 
instnnnent updated kiny of its feedback mechiiiiisins — ^f lis- 
play, LEDs, or audio— the iiistnmiejU simulation would relay 
these clianges to the operator in the central office. 

The important task now was to see how R&D could best 
implement tiie \drtual instrument application. The develop- 
ment of the product was split into two sttiges. The first \vas 
to take the current instnnnent sinmlator said use it to pro- 
dtice a prototype virtual instrmnent appUcation. The second 
Stage w^as to take the prototype apphcation and turn it into a 
polished softw^are product that would meet the rigorous 
demands of IfP customers. 

Product Descrixition 

The product that emerged from this effort is the HP 15B00A 
\irtual remote capability software. It runs on HP 9000 Series 
300, 400, or 700 workstations tmcler the HP-DX* 8.0 operating 
system.! The software provides for the centralized supervi- 
sion, operation, and collection of results from remotely 
located HP 377xkA Option VOl telecommunicatioi^s test 
sets and analyi^ers. Option VOl virtual remote caj^ahility 
enhances the instmment finnware to respond to the HP 
iSSOOA softw^are. 

Asutgle workstation can control up to twelve remote test 
sets. Tlie display shows window s identical to the fiiont panels 
and screens of tlie test sets, Mien a teciinician is controlling 
a remote test set manually, all actions and results can be 
monitored at the workstation. 

At present Option VOl is available for the following test sets: 

• HP 37701BT1 tester 

• HP 37T02A digital data tester 

• HP :3770.4A SONET test set 

• HP 37714A PDH/SDH test set 

t A PC vEfsion, HP 1 5301 A, is now available as well. 



• HP 377 17A PDH7SDI1 test set 

• HP 37721 A digitiil transmission anaJyzer 

• IIP 37 7 :^ :^ A H i ^ i I }i 1 1 elec omm analyzer 

• HP377:jlA I'l>M/SUlItestset 

• tip 37732 A telecomm/datacomm analyzer. 

Option vol can he retrofitted to existing mstniments by 
changmg ROMs. 

Virtual Remote Design Concept 

As has already been explained, instnunents at Uie Queens- 
fe]^ry Tetecommimications Operation are developed using an 
iiistnuiient simulator TJiLs instrument simtilator is in fact part 
of a larger conunon firmware platfornr ' This common limi- 
waie platfomi incoip orates compiler-based code generation 
and simulation tools along with the sotn'ce code for a core 
generic instrument. The design of virtual remote is so closely 
tied to tlie instrtmient simuiator that a brief explanation is 
required. 

The core of Queensferry Telecommunications Ojieration's 
common firmware platform is a compilation and simulation 
tool known as ISS — histnmient Software System. ISS is 
based on an abstract^ high-level, instiimient definition lan- 
guage. Tliis language is used to define many aspects of the 
inarninient operation: 

• The instrument user interface 

• All instiTiment control vaiiables 

• hiteraction and dependencies between control variables 

• Instrument display data — ^text and graphics 

• InstrumetU residts 

• Instmment data input — hard and soft keys 

• Relationships betw^een data input (keys), control variables, 
and data output (dLsplay data) 

• Printer output data 

• Remote control command definitions. 

The instniment firmware development process is as follows: 

• Produce the instrument definition using the ISS language 

• Simulate the instrument operation using the ISS simulator 

• Use die ISS compiler to generate an embedded instrument 
database 

• Compile the instrument database into embedded instrument 
code 

• Test fi miware operation in the target instrument. 

The ISS simulator and the target instnmient share the core 
components, mainly the ISS database processing engine. 
Tlte development proceiss is illustrated in Fig. 2. 

As shown in Fig. 2, the ISS database and the ISS enguie are 
common trj both die ISS sinuilalor and the actual instrtmient. 
The instamient operator interacts with the instnmient using 
keys on its front panel and data displayed on its screen. On 
tlie workstatjc m. the key input and screen output are handled 
by a set of functions written in the C progranuning huiguage. 
These fmictions aie implemented using X Windows function 
calls. 

In the instmment the screen output and key input are hail- 
died by an alternative inipJemcntation of the same C func- 
tions. In tills case the fimctions interact directly with tiie 
instrument's display control and keyboard input hardware. 

The basic instnmient architecture is shown in Fig. 3. 
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The key to the development of virtual remote was to connect 
the ISS engine embedded in the instnunenl whh the screen 
out|)ut and key input fimctions used oil the workstation. The 
use of the sanie set of display functions in boUt ttie work- 
stadon and the embedded system gave the potential to 
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Fig. %^ Instniment devdopment. 
using the TSS cDmpiler and simu- 
lator. Tlrie ISS database mid the 
ISS engine are common to both 
the simulator and the actual 
instrument. 



update both displays at the sante time. We also wanted to 
dupUcate the function calls made by the instrument. At the 
same time as the function caU is performed in the instru- 
ment it must also be perfonned on tlie workstation. Tliis 
technique is known as a remote procedure call. A UNIX* 
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application that needs to make remote procedure calls to 
another nmchme on the network wouki use Sun Micro- 
syslenLs' RPC. hi our instniiiieiit enviromnt^nt we could nni 
support this. It was decided to develop a protocol of cjur 
own between the histrumenr and the woikstatjon that could 
be used to mitiate remote display functions. This protocol 
would use ASCII data transmitted between the instnmient 
and \be workstation on a 96D0-baud HS-i3;32 data link. This is 
ilhrstratedin Fig. 4, 

The ISS database engine is event-driven. Tlie keyboard pro- 
cess in tfie instmtnent waU-s for a key to be pressed and then 
acts upon that key. In the case of the display we had to out- 
put to two devices at once — the simulated jn.strunvenl and 
tl\e tai'get instrument. In the case of the keyhoiird we had to 
accept uiput data from two sources^ — a local keyboard and a 
remote keyboard. This is accomplished through the use of 
oiu- dedicated protocol. Keys pressed localiy aie proc^esseri 
as they always w^ere. A key pressed on the workstation is 
encoded and transmitted over the RS-232 link to the mstni- 
ment. When the data is received by the instrument it is de- 
coded and the key code is placed in the key input queue. 
This is shown hi Fig. 5. 

It would have been po^ible to use the above techniques to 
develop an applicatioii that i^an on tlie workstation atul ^^'as 
used to conminnicate with a remote instrumeuL This a|)pli- 
cation would have to have embedded knowledge about the 
instnmient it conununicated with so that it could render an 
acciu'ate representation of the instniment on the workstation 
screen and have knowledge of tJie keys present on the instni- 
ment front panel and the key codes assigned to each one. 



Because our division manufactures many different histni- 
ments, this solution w^ould require a separate %irtT.iaI remote 
application for each instnunent, which is tmsalisfartory for 
the following re£isons: 

• Developing multiple applications would require extra 
engineeiing effort. 

• Extra administration effort would be required for sales and 
support. 

• Customers often use several different instruments. Some 
api^tlicatlons require different instruments used in combina- 
tion. It would }\r iiM]] ieiidly cwd expensive for our customeiB 
to have to buy and use a separate appllcailon program for 
each different instrument. 

• This approach may have presented problems with new in- 
stnmients or instiiiment enliancements released after the 
apphcation code was produced. 

The ideal solution is to have a single virtual remote ap- 
plication program that can be used with any instnnnent 
that is already shipping or that may ship in the futtire. To 
do this the lirtual remote application has to be completely 
generic, som-cing all of its instrument-specific data from the 
insuiunent itself. 

Once agam, the use of the ISS simulator for instnmient 
development helped us to find the solution we required. 
The ISS sunulator already displayed a representation of the 
instrument on the workstation and had knowledge of the 
instnttttei^t ke>' positions and key codes. This data is con- 
tained in the instrument definition coded using the ISS lan- 
guage. In the simulator tliis data is compiled into RAM data 
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strurtoies wMch are then iised to render the iiistnunent m\d 
process the keys. 

The development of virtual remote required these data 
structures to be added to the mstruirient database em- 
bedded into the instrument. Once this was tloiic it was an 
easy stei> to enhajicre the instrument-to-worksuilion protocol 
to allow the data held in ROM in thu inHlniniei^t lo l)e sent 
over die RS-232 data link to the virtuiil remote application in 
the workstation. The virtual remote application then holds 
the data in a RAM data structure and uses it to render the 
instiument and process key presses. 

FSg, 6 shows a workstation screen displaying the virtual re- 
mote representation of aji instnmient bein^ controlled. All 
of the datii needed to draw this imagi' Ls stored within the 
mstnimeni and is sent to the virtual remote application upon 
request. This allows the virtual ri^niote s^jft.ware lo control 
many different instnunents without any prior knowledge of 
how they look or how they operate. 

Virtoal Remote Development 

Using the above design concepts it was relatively easy lo 
produce a working virtual remote prototype. The prototype 
application was extremely useful and very successful It 
proved tliat the design concept was feasii'Jle, It illustrated 
the concept of the viilual insinuucnt, it allowed tlie inst.ru- 
ment'to- workstation pn^tocol to be tested, it heli>ed prove 
the viabihty of the product, and it: gave a base upon which 
the Gntil product would be bnilL 

Once the prototype was complete the next stage of the proj- 
ect was to take the prototype and turn it into an a|)tili*"ation 
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Fig. 5. \1rtiial-keyboard-to- 

i t ist.rurnpnt-keyboarri process. 

suitable for use by customers. This application had to im- 
plement features not siipi>orted in the mitiaJ protot>T»e: 

• Multiple sinuiltaneous connections 

• Coimection arbitration Wi\d verification 

• Connection to and dialing of remote instruments using 
modems 

• Socket romiecUons to remote instruments over a LAN 

• Industry-standarfl OSF/Motif graphical user Interface 

The first change needed to convert the prototype into a 
product wtis to convert the application t(] use an OSF/Motif"^ 
usci' interface siyle. Tliis w^as done using HP's Interface Ar- 
chitect (also known as l^nVI/X) user interfact^ rnmiagenient 
system. The prototype virtual renvole had relieci entirely on 
the display library wTitten at the Queensferry Telecommu- 
nications Operation for alJ X display functions. This display 
libraiy relies on low-level Xlib functions. This approach was 
adequate for tJie simulation of the inst nnnent display and 
front panel. Tlie implementation of application-specific dis- 
t)lay widgets such as menus and error dialogs was, how^ever, 
somew hat nonstandard, hnerfiw^e Aj'chiteci was used to 
provide the top-level OSF/Motif application widgets and 
error dialogs. The low-level display fimclions usiaig the 
shared display library were then embedded iiLside the OSF/ 
Motif application. 

The next stage in the development was to split the single- 
threaded application into constituent parts that could be 
used to create a multiprocess application t apahle of sup- 
porting the requirements of the final system. The design 
used is shown in Fig. 7* 
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Pig. fi, A warkstatian screen dis- 
pla3lng a picture of an Instniment 
ilrai^TL by Ujp \irttial remole ap- 
plica Lion. AJJ of the daia used to 
draw Lhis image is stored tii tlie 
instmnient and is sent to the vir- 
tijal remote application when 
requested. Tliis aMows \iriLtal re- 
mote La be used witli many tiiffer- 
ent instruments uithout having 
any spedaJ knowledge about how 
thej'' look or operate. 



This design has several advantages. The independent serv^er 
process is the core of tlie system, litis proi^ess is responsible 
for the arbitration and initiation of all connection requests. 
If all connections were made tising TCP/IF a single server 
would be responsible for all instriiitteitt-s connected to the 
network. When using RS-232 for direct or modem connec- 
tions a server process is required for each workstatioit. This 
process is responsible for instruments connected tluough 
dte RS-232 ports of die workstation utjon which it is niniuiig. 
Each set-^^er process accepts coitneetion requests from tmy 
front-end process. The front-end process may be nuining on 
the same host as the server or on any other networked 
workstation. The separation of the front end from the serv^er 
gives us the ability to ntake comtections across the network 
to insmmtenis physically connected to remote work- 
stations, A Seconal atl vantage of separating the front end 
from the server is that it allows the provision of more than 



Witt[tow:s 




Front End 



Fig. 7, Virtual remote software arehitecture. 



one front end. At present only two front ends have been pro- 
vided: an OSF/Motif -basci:! menu interface and a contmand- 
line interface. It would be relatively easy to design a new 
front end. perhaps for integration with some larger system. 

Once the front end has verified that no one is connected to a 
particular instnmtent, it attempts to establish a comiection 
to the Lustnmient. Here again, the conimimications process 
hiis been decoupled from the ser\'en Tlie server must deter- 
mine the oonnnunications channel used for connecting to 
the instrument. This data is stored hi the instrumeni configu- 
ration file. The server then uses tMs data to start die apiiro- 
priate conunmii cations driver process. The conmimii cations 
drivers pro%dded at present are RS-232 direct connect, RS-232 
modem, and TCP/IP. Queensfcrry^ Teleconmnmications Op- 
eration instnin^enls have tratUtioually supported RS-232 and 
HP-IB (IEEE 488, lEC 625) communit^ations ports. The TCP/IP 
method of connection is pro\dded to allow networked coni- 
mimications and to allow more simultatieous connections 
than w-ould be possible using RS-232 ports pro\ided on cur- 
rent workstations. This method operates by using TCP/IP to 
coimect the workstation over the network to a tenninal mul- 
tiplexer. This device maps TCP/IP addresses to RS'2'i2 ports. 

The latest generation of histrtiments produced by the 
Queensferry Teiecommtmications Operation can have a 
ThinLan/Ethertv^ist mterface tliat allows TCP/IP communi- 
cation direcOy to the instnmtent. Tins removes the need for 
the tenninal muhiplexer and allows any workstation on the 
netw^ork to connect to any instnunent. 

New contmiuiications channels can be provided simply by 
writing a new driver process. 

Onc-e file sener htis started the communications process 
and estabUs!ie<l that the instnmient is responding, it starts 
up tlie virtual remote display process. This process is the 
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Fig. S. Tliis i& a screen of the 
virtual printer application. The 
ilrtual printer di^lays prmi data 
Oiai the iBstniment wouJd nor- 
mally send to a re^ printer. Dur- 
ing \inual remote operaiton the 
data is serit to the \1nual remote 
appOcatioti and is displHVed by 
ihe virtml printer. The push- 
buttons on the \irtua] prituer can 
be used to send the buffered 
printer data to a reaJ printer con- 
ned: ted to the workstation, save 
Che data to a file, clear the buffer, 
and m on 



part of the apphcarion most closely related to tite lab proto- 
type- This process interrogates the instrument for its X dis- 
play data and iises this data to draw the image of the instru- 
ment. It then prcK'esses key presses, encodes tJiem, and 
sends them to the mstiiintenc. Data received from the instru- 
ment is decocied and the appropriate action talcen. This may 
be the drai^^Tng of characters on the screen, iJhimtnating 
LEDs, or simulatuig the beha\ior of an HP ThinkJet printer. 

Printer Simulation 

Tlie test ijtstrtinients designed at the Qtieensferry llelecom- 
munications Operation allow a ric!i set of data to be logged 
to an external i>rinter itnder a variety of operalor-denned 
condirions. An external printer is not of much ase if the in- 
stnmtent to which it is comtected is not on Ute same site as 
the operator iisinj^ Ihe iaslnnnenl. l\ wns tJierefore decided 
to provide a virtual pdivlej^ along wilh the viituaJ ittstrunvenL 

Once again dtis developntent was facilitated by tJte ISS de- 
velopment i>laEfonn. Tlie ISS iiuigiiagcVcompik^r/sinmlator 
provides facilities f(jr the instnmient designer to t onipose 
logging format defmitions, wMcJi are formatted in Ihe inst.m- 
menl as required. Tt» billow testing of the formats for correct- 
ness, an X Windows printer simulator l>ad been fleveloped 
and mtegrated with the ISS simulator Tlve simulator couJd 
take the compiled format definitions and simulate their 
output to an HP Think-Jet printei. 

To provide the \iritial printer capability to the virtual remote 
appUcation, dl that was reqturcd w^as to integrale the X Win- 
dows printer application with the \irtuaJ remote application 
and provide a means to multiplex the printer data with other 
virtual remote data transntttted between the wTjrkstation 
and the instrument. 

The integration of tiie X Windows printer application with 
virtual remote wits a straighrforw^ard liisk. To maintain the 
overall look and feel of the a]>phcation the low-level Xlih 
code use<l ft>r ihe printer appUcation was enca^jsulatetj 
witliin aji OSF/Motif user uiterface. The sej>:iration of the 



printer data from the standard lirtual remote protocol was 
accompUshed by extending the protocol to provide a means 
of encoding the printer data- Tliis w^as necessary to prevent 
raw printer data from clashing witli the \irruaJ remote proto- 
coL The instrument logging output diiver can detect w^hen 
the instrument is in the virtual mode of operation and will 
tlien output the printer data in encoded rather tJian raw 
form. Mutiial exclusion is used to prevent the display pro- 
cess and the printer output process from attempting to send 
data to the workstation at the same lime. Using this tech- 
nique data thrt>ngitput cait be mmntained by botli processes 
in a controlled nrmtner 

The virtual printer receives tlte encoded printer data and 
decodes it. This data is then displayed in the X Window^s IIP 
ThinkJet printer simulation. The sinmlator can display both 
text and graphics. At the same time as tlu^ (printer t^ata is 
displayed it is appended to a data buffer. This btiffered data 
ciui be saved ttj a tvamed file or sent to a print*»r spooler by 
the operator. The online buffer can be cleared on demand. 

Pig. 8 show,s tlte virtual printer application. The main por- 
tion (jf tlie application is tire "virtual paper,"* w-here the text 
and graphics of the printer data are displayed. A scroll bar 
along the side of the screen can be used to scroll the paper 
backwards tind forwards. Pushbuttt)tis along tlte bottom of 
the sc:reen are nsecl to control the fmictions described above. 

Instrument Customization 

In addition to the development of the workstation ai>pU ca- 
tion code the instnmient fmnwarc^ must also be tncKlitled for 
virtual remote ojieration. Hie modifications required affect 
tlie following areas: 

• Instniment communications drivers CKS-232 intemipt 
service routme) 

• Iiistniment display library code 

• Instniment keyboard processing code 

• Instnmient external interface selection 
■ Instrtmient simulation data. 
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The first three aieas above are contained in the conimon 
code ciistributed to all projects using the Queeiisfenry Tele- 
communications Operation common platform. The remain- 
ing areas are instrument-specUlc and miist be done on an 
instmment-by-instrnment basis. 

Firsts the insf.nnneni extern ai interface selertion code must 
be enhajiced sUghtly. A new external connection mode, vir- 
tual remote, must be added alongside tlie existing selections 
such as printer and lemote conti'ol. Tliis is a ver>' minor 
change to tlie instrument ISS definition file. Two new C 
functions must be provided. Tliese functions are called by 
the common code when a virtual connection is being estab- 
ILsbed. Tht^se functions are used to make one or two minor 
configuration changes 1o the instrument. They c^fmnot be 
conxmon since they relate to %'ariables defined m individual 
instrument ISS defmittou files. 

The second instnmient customization is the mstrument sim- 
ulation datii. hi the past the simulation data has only been 
usetl iiU.emally for instrmnent simulation during develop- 
ment. In lliis apphcation it is the simulation of the instru- 
merU operator-macliine interface Lliat is important, not Oie 
quality of the displayed instrument image, Tlie virtual re- 
mote application, on the other hand, uses an image of the 
instiiiment to [uake remote operation by a customer ejisy hi 
this case the (quality of the image dis|)Uiyed is veo' imporiiuib 
The instrument designer must ensure Ihat the instnjmenl 
simulation data is as accm"ate as tiossible. Tlie areas of con- 
cern aie mstrument dimensioiLS, key positions, text, labels, 
and connector positions and accuracy, ll^sing the syntax of 
the ISS simulator it is possible to construct a fairly accurate 
representation of the instrument. 

The use of tlie QueeusfeiTy Telecommunications Operation 
commou firmware platform has enabled the \ii1:ual remote 
fimnviU'e to be retrofitted in a complete family of instruments 
wit fi ortly a snuiU aniomit of effort. j\ll new instnunents devel- 
oped tjsing the platfonn will build in virtual remote support 
from the start . 

Suinmarj' 

Sim e its release, virtuaJ remote has proved to be a very pop- 
ular product. A broad spectrum of custonters have put vir- 
tual remote to work, sometimes m interesting applications: 

• A m^yor network operator has mstalled virtual remote as 
part of their network monitoring and maintenance system. 

• Virtual remote has been used in the instiillation of c;able tele- 
vision networks, allo^^ing centralized testing of the network. 

• Virtual remote has beet^ used to test satellite communica- 
tjons channels, ^dhmijig simidtaneous monitoring of the 
data links at geographically sepai'ate ground stations from a 
central control center 

The success of virtual renu>te for HP-UX workstations led to 
a demand for \4rtual remote on PCs. HP 15801 A PC xirtual 
remote w^is developed so that as far as possible the source 
code is shared with the HP I5BO0A HP-UX product. 

Fig, 9 shows an operator using virtuaJ remote on a PC in an 
office environment. The mstnmient being controlled is at a 
remote site ancl tlie comiection is through a modem and a 
telephone hne. 

A new generation of instruments designee^ at the Queens- 
ferr>^ Telecommunications Operation have for the first time 




Fig* 9* riLL^ virtuiil ifiniote software is giso a^vailable for PCs, 

pro\ided a IAN TC'P/IP communications interface. This in- 
terface will allow us to have direct network communica- 
tions between a workstation running virtual remote and the 
instnimenis that are being monitored. Almost all advance 
orders for tiiis new family of iiLstrimients have included the 
instrument \Trtual remote option. The close Ihiks between 
\irtual remote and tlie conmion fim^wai'e platiomi allowed 
the new instnunent to be developed with no additional work 
requued to provide virtuaJ remote operation. 

The concept of \irtual remote has stimulated our customers 
to find interestmg new ways to test their networks. Sugges- 
tions for enhancements have come firom within the Queens- 
ferry Teleconmiimi cations Operation and also from our 
customers. These idciis wiU be evaluated and may be used 
to develop virtual remote into a product that can help our 
customers still fmther. 
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Frame Relay Conformance Testing 

At HP's Protocol Test Center, an automatic translator was developed to 
transform abstract test suites into executable test suites for HP IDACOM 
protocol analyzers. 

by Martin Dubuc 



The frame relay protocol is a data transfer protocol defUied 
by the American Xarlonal Standards Institute (ANSI) and the 
International Telecommunications Union (TTU ). It is similar 
to the ISDN (Integrated Senices Digital Net\^"ork) standard 
but it assumes a reliable transmission medium and therefore 
contains ver>^ Utile error recovery functionality. As a result, it 
is more straightforward and data transfer is more efficient. 
At present it is used tuaittly in Norlii America and Japan. A 
t>picaJ application Is LAN-to-LAN interconnection. 

Tile frame relay protocol standard leaves many things unde^ 
fined and so the protocol is sensitive lo issues of iniplementti- 
tion. To ensure thai diiTei'enf mai^ufacturers' implementations 
are stable aiid ijuer operable, stajidardized lest specifications 
have been developed that thoroughly test tlte protocol fea- 
tiu-es. The existence of such widely avaiiabte conformance 
lest specifications greatly benefits the entire frame relay 
industry. Early availability of frame relay conformance test 
sy stents base<l on these test specifications provides a com- 
mon reference point for network implementers, ensuring 
that migration to frame relay technology is as trouble-free as 
possible. 

Hewlett-Packai'd frame relay confonnajice test protiuots 
address the needs of frame relay networks as they exist 
today and as they will exist in Uie near future. These prod- 
ucts will evfilve to comply with the final sliixidaRiization of 
the frame relay protocol, thereby ensiuing I ha! tomorrows 
equipment wiO be compatible with the networks that cU^e 
buih today. 

This article discusses the development of these products. 
First, we present the ACT-Frame Relay conunittee. Then we 
introduce the basic concepts of test suite design imd describe 
ihe test implementation methodology. We end by presenting 
the coiifonnance testing enviioimient available on the HP 
PT502 protocol tester, and the ACT-Frame Relay T 1.6 17 
Annex D confomiance test product. 

ACT-Frame Relay Standardization Committee 

In 1991, liw Fnune Fielay Isers Fomni fraUF) created a 
testing and interoperability group, its main gotd was to en- 
sure Ihe interoperability of frame relay devices. The group 
was fun her divided mto tiu-ee subgroups responsible for 
coordinating the development of conformance tests, defin- 
ing utteroperabiiity, and working with test labs to develop 
baseline livsis. Flie confonntmce subgroup df*cttied to use 
the expertise available in tiie National ISILN I'sers Fonnn 
{NILfF) for the specilication of conformatTce tests. It set up a 
tame relay grcjup witJiin the NIUP for thai matter. Tliis group 
was named the ACT-BYame Relay committee (ACT-FR). 



The ACT-Frame Relay committee s n^andale is to develop 
abstract conformance test specificadons for frame relay 
products in accordance with the relevant standards imd the 
Frame Relay Users Forum implementers agreements. 

Tlie priniai>' goal of the ACT-Frame Relay committee is to 
write the test specification for basic permanent virtual con- 
nection (PVC) protocol implementation for customer prem- 
ise equipment (CPE). It also intends to address network-to- 
network interface PVC, and, finally, switch \drtiial 
connection (SVC). 

Tlie ACT-Frame Relay conmiittee also has the mandate to 
piusue international standardization by presenting its w^ork 
to the ITIJ'T, the technical conmiittee of the ITt* working on 
protocol standardization. HP has played an active role so far 
in this committee iutd in the specification of the ACT-FR 



Glossary 

ATS: Abstracl test suite, the test specification docyment. 

ACT-Frame Relay {ACT-FR|: Rafne relay confurmance testing standardization 
tiommittee that was sat up by the frame Relay Forum testing and Interoperability 

group. 

CDL Constraint Description Language, an HI extension used to specify the ending 
of the messages exchanged In an abstraci/executable test suite 

CPE: Customer premise equipment; a piece of eqiiipment with telecommunication 
functionality 

ETS: Executable test suite, an implementition of the abstract test suite that runs 

on a given mtl platform. 

fSON: Integrated Services Digital Network, 

ITL Interaciive Test Language, the built-in language of the HP PT500 protocol 
analyzer 

rrU: Internationa! Telecommunications Union 

PVC: Permanent virtual connection 

SVC: Switch virtual connection. 

Test case: 3 test scenario of the abstract test sufte, Each test has a narrow test 

purpose, and test cases with related test purposes are gathered into the same 
test group. 

TTCN: Tree and Tabular Combined Motation, ttie test specift^atfon language stan- 
dardized within ISO and ITU, TTCM is part of the DSI conformance methodology 
and framework (ISO 9646), 

UNI: User-io-network interface. 



Oc;tober I fMM I Ip w let I -Pac kfinl Journal 83 



)Copr. 1949-1998 Hewlett-Packard Co. 



Tl-617 Aimt*x D UNI (useplo-network interface) aiid Q,933 
Aruiex A UNI conformance tests. HP currently holds the 
editorship of these two test specilications. 

Abstract Test Suite Design 

An abstract test suite (ATS) is a test specification document 
that describes tests to be carried out to ensure that a partic- 
ular implementation conforms to a certain specification. The 
ATS consists of a c oUection of tests and the definition of the 
related components that aie use<l for theii' specification. The 
basis of a tes! is its test purpose ajid the associated dynamic 
behavior. The test purjjose sijecilies, in an infontial language, 
the behavior of mx iinplenienlation under test for a given t^est 
scenario. The dynamic behavior part of a test specifies the 
exact ordering of ev^ents that must be accomplished to fulfill 
the test purpose. Events can be classified m four major cate- 
gories: sending messages, receiving messatges, assignments, 
and timer operations. 

An ATS 13 said to be abstract because it must make an ab- 
straction of the lest platform on which the tests will be exe- 
cuted, as well as the liiglier antl lower protocoi layers that 
are used by the protocol layer (s) to be tested. 

Most of today's protocol specifications are state-macliine 
driven. A test designer will often use the state table or SDL 
(Specification and Description Language, CCITTZJOO) dia- 
grams as a basis for defining a set of tests for sucli proto- 
cols. The ATS s[if>uld test, lo the extent practiced, the differ- 
ent situations that an implementation might encounter. The 
ATS should cov^er aU mandatorj'^ and optional features of tlie 
implementation. It should also test a good sample of the 
possible inopportune and erroneous events. 

Test cases based on a state matrix are specified in a straight- 
forward manner. All the test designer needs to <lt) in such 
cases is to caU a piTeamble to get tlie implementation mider 
lest to tiie starting state, ti^en apply a certain behavior to the 
implementation, and finally, call a postamble, which verifies 
that the implementation has jumped in(o the proper state 
and optionally brings the iuiijlenientation into a stable, 
known state, 

hi TTCN, the lest specification language standardized within 
the ISO and the ITU, some scenarios are more diflcult to 
specify. For instance, it would be nearly impossible to spec- 
ify' in TTCN the exact events that w^ould be needed to test 
the belia\ior of an implementation under heavy loatis. \n this 
case, tiie test purpose might be the only thing that a test 
designer can specify. 

Test Suite Implementation 

Once an abstract test siiiie becomes available^ it must be 
converted into an executable fonn that will run on a specific 
test platform* For all of its X.25, ISDN, and frame relay con- 
fonnance testing products, the HP Ftotocol Test Center uses 
tiie Tl/WAN protocol analyzers manufactured by the IDA- 
COM Operation of Hewlett-Packard. The sirenglh of these 
protocol anal\^ers Ues m theu- flexible programming and 
conformance testing environments. 

All of tlie executable test suites that were implemented by 
HP fDACOM befoj^e tJie creation of tlie Protocol Test Center 
are wTiften in the hiteractive Test Language (ITL). ITL is 
the built-in language available on HP IDACOM protocol 



analyzers. It is a Forth-based language with state-machine 
constructs that allow the implernenraTion of lesi scripts 
(sequence of send and receive messages). 

ITL is a convenient test script hmguage, but se%^eral prob- 
lems arise with use of this approach to derive executable 
test suites. First, to obtain executable test suites in ITL, 
manual coding of the abstract test suite must be done. This 
process is usually repetitive and errt^r-prone. Another prol> 
lem is tiie lack of tofjb tliat would speed development by 
itlentifying certain types of enors or by ensuring tiie coiTect- 
ness of the code. Finally, executable test suites WTitten in 
FTL are very difficult to maintain. 

At a certain point, it became obvious that there w^as a n<:'e4 
forauiomated lools to heli) implementers develop execut- 
able test suites. Because of resource constraints, however, it 
w^as decided that in the first pha^e the tools could not be 
auto mated complete \y. 

The most difficult part of an abstract test suite to implement 
in an executable test suite is the constraint part (message 
coding/decoding). This is especially true for protocols such 
as ISDN or fnmie relay signaling (layer 3 J w^here the con lent 
of the messages is faiiiy complex. A team investigated this 
problem and implemented jm extension to JTL called the 
Constraint Description Langttage (C'DL). An auiomatic 
ITCN-to-CDL translator was also iniplejneiUed. 

This translator was successfully used witli some of the ISDN 
test suites juid the early version of the first ACT-Franie 
lielay lesl suite, it helped reduce the time required to imple- 
ment tlie test suites by a factor of two. However, CDL was 
not fiexible enough tc* cope witli all Ti\e constructs used in 
TTCN, Furthermore, there was room for mtjre automation 
since a lot of the coding stiti needed to be done manuaOy. 

The next step was to implemeni a ti>ol thai w-ould allow fully 
automatic translation of an absuact test stiite. A team was 
formed in the Protocol Test Center to investigate how such a 
translator could he implemented. A tool, refeired to as the 
TTCN translator, was designed to generate executable test 
suites from abstract test suites w^ritten in "ITCN. Fig. 1 
shows the user interface of the TTCN translator 

Since ITL had limited flexibility, the C language was selected 
as the target language of the translator. In parallel, a C 
cross-compiler and a C loader module w ere implemented. 
The cross-compOer allow- s the generation of object files with 
instructions compatible with the processoi' of the targeted 
protocol an^ilyzer (the processor of the HP Fr502 is a 
Motorola 68000). The C loader module allows C object files 
to be loaded and executed on tJie HP PT602. 

As showTi in Fig. 2. to create an executable test suite, a de- 
veloper Timt has tfj pro\irle an abstract test suite. Tlie ATS 
can lie written from scratch asing a TTt N editor (sucli as 
the one iiu^luded in die TTCN en\TJonment ), or tiie ATS can 
be one that w^as wTitten by a standaixlization t>ody (for in- 
stance, tlie ACT-FR TL61T Annex D test suite). The TTCN 
translator takes an ATS £uid generates a set of files from it. It 
produces test sutie files, a declaration file, a constraint file, 
a test step file, and test case files. 

The test suite fdes contain infomiation on the different test 
cases present m the test suite, as well as infonnation on test 
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Fig- 1* Conformance testing 
development en vi ronm ent. 



case selection (that is, on which test cases are relevant for 
testing a specific mipJementation). The dec^laration file is a 
translation of the declaration part of the ATS. It contains all 
the message stniciures, timer definitions, and test suite con- 
stants, variables, mid parameters. The constraint file is the 



translation of the constiahit part of the ATS, It contains die 
exact coding of all messages to be sent or received. The test 
step and test case files are the translation of the dynamic 
behavior of the ATS. The dynamic behavior specifies the 
ordering of send* receive, assignment, and tinier events to 
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Fig. 2, Executable test siiite 
product life cycle. 
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Fig, 3. CoiUbrniLiiice lest.iiig eiwircmmenl. 

specify formally the test purpose of eveiy test case of the 
ATS. 

The TTCN environmeiit provides protocol interface libraries 
and TTCN libraries, which are necessary to interface the 
translated code viith the protocoJ tester used to run Uie exe- 
cutable test suites (HP IDACOM protocol testers in oui- 
CcLse). The protocol interface libraries specify, for a specific 
protocol, what functions of ihe protocol analyi*:er are used to 
send and receive a message and how to initialize the lower 
layers at the beginning of a test campaign. These parameters 
are specific to the protocol to be tested, whether the test 
suite is a frame relay or an ISDN test suite. 

Once tlie files are generated, the C files are compiled using 
the cross^ompiler provided in the TTCN en\1ronnient, and 
the resulting object files aie linked together along witli the 
TTCN and protocol interface libraries. The test suite files 
and the object file are then sent to the HP FFoOO and the 
executable test suile ( ETS) is ready to be loaded into the 
conformance testing application. 

The TTCN translator has been used intemaliy for a year 
now, and the results have exceeded expectations. The time 
needed to implement test suites has beeti reduced by nearly 
an order of magnitude or close to tetvto-one. Fuithennore, it 
is now^ possible to address more complex test suites, such as 
test suites meant to test a network. 

PT502 Conformance Testing Environment 

The screen display <jf the HP PT502 mmiing tlie ACT-FR 
TLG17 Annex D ETS is shown m Fig. 3. The confonnance 
testing en\iromnent is the en\ironment in wliich the user, 
also called tlie test operator, sets up and launches a test 
campaign iuid generates test reports. Several services are 
available to the user in tliis enwomnent. 

First, the test operator can specify the different system 
parajueters that characterize the implemGntation imder 
test using the PJCS and PIXIT screen menus. This wWl help the 
protocol tester identify which test cases iire relevant to a 
specific implementation* 

Once the configuration is done, the test operator cait set up 
a test campaign by selecting the test cases to be executed. 
Test cases can be selected tlnough the test group and ciise 
selection menus using different criteria: select a whole test 



suite, select/deselect a whole test group, select^deselect 
individual test cases, select by verdict assignment (for 
instance, select all test cases that previously fiiiled). 

During the execution of a test campaign^ the protocol tester 
records verdic^ts for each test tliat it nms. In adciltion, traces 
can be recorded for each test, or they cait be rcK^orded ac- 
cording to the vertiict assigned to the test. For instance, the 
traces of all failed tests can be recorded. 

When a test cajupaign is fmished^ a test report can be 
printed. The tester reports information about the implenten- 
tation configuration, as weH as a summary of the campaign, 
which includes the verdicts for each test. It can also report 
the full traces of tests with ^ven verdicts. 

Traces can be displayed, printed, or played back using dif- 
ferent fonnats. The format ntenu can be used to specify 
whether the traces should be tlisplayed ui hexadecivt\al, short, 
or complete fonns. Optionally, if the complete fonual is spe- 
cified, the decoding of each individual information element 
can be done. The time stamp caii also be added in the trace 
format. In Pig, 3, the short format was used. Fig, 4 shows the 
trace of a STATUS message with complete decoding and full 
message detail 

ACT-FR T1.617 Annex D Test Suite 

The ACT-FR 1 Lbl7 Annex I) ATS was the fu-st ATS specified 
by Uie ACT-Frame Relay committee. This test suite was 
aimed at testing the t>ennanent viHual connection (PVC) 
management tjrocedures for the user-to-network interfece 
(TINI), It covers the folio wmg ai'eas: 

• Notification of the addition of a PVC 

• Detection of the deletion of a PVC 

• Notification of avanability or rmavaiJ ability of a coidlgiired 
PVC 

•Link integrity verificatioo. 

Table 1 shows the test suite structure for tiie ACT-FR TTG17 
Arm ex D AfS. The two main groups (periodic polLuig and 
bidirectional) are each further divided into three subgroups 
(general, error, and system). 

Table f 
ACT-FR T1.617 Annex D Test Suite Structure 



Test GmtJp Name 

Periodic Polling^General 
Periodic Polling/Error 
Periodic Polhng/Sj^tem 
Bidire c tional/G eneral 
Bidh e c tionaf/EiTor 
Bidire ction ai/System 



Number of Test Cases 
in Test Group 

24 

42 

3 

9 
13 

1 



Tlie periodic polhng group contains the test cases related to 
the testing of the user-side Unk ititegrity \eiifi cation proce- 
dure, while the bidheciional group contains test cases related 
to the testing of the bidirectional network procedures. The 
latter procedmes are usually implemented on network eciuip- 
ment (and thus can be used to test a network-to-user inter- 
face), but can be supported optionally by a iiser^s equipment. 
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Fig. 4. Trat e display of a STATUS message using the complete format. 

The general subgi'oup gather the test cases related lo valid 
events. In these test cases, the tester stnnilates a noniiaJ 
exelum^e of inessagcs. Tlie error subgroup con! aitis test 
cases tlial siiniilate network equipment tliat does not con- 
form to the statiflaiTl and verifies that the impIem£*ntiition 
reacts according to tJie specification. In these lest cases, the 
tester sencJs messages with content error, and verifies that 
the implementation mider test rejects either the whole mes- 
sage or the erroneous part. The system subgroup contains 
system tc^sts and tests that verify the system pcirameters of 
the implementation under test. 

It Ls worth rioting that often part of a standard is too vague. 
How should I lie equipment react under such circumstances? 
An ATS can sometimes provide addjtir>nfiJ guidelines on these 
points, aiKl the ACT-FR T1.617 Ajinex 1) ATS is a good exam- 
ple, The implementation beha\ior under certain error condi- 
tions is not specified in the standard, llie ACT-FR committee 



has worked joindy ^%ith the T1S1.2 working group to fill in 
the holes In the standard. The ATS was specified according 
to the results of this process. The TISL2 group plans to tip- 
date the standard accordingly, but in rhe meantime only the 
ACT-FH ATS pro%ides the intended interpretation of the 
standard. 

The ACT-FR Tl.617 Annex D ETS for die HP PT502 can be 
used for different purposes. It is an exceHeni tool for fi-ame 
relay eqyipmeiil iniplementers for pretesting and preaccep- 
tance purposes. Tlie implemenier can use the ETS ai differ- 
ent stages of development — for instance, to test features 
incrementally as they are implemented. Tlie ETS can also be 
used for regression testing, to ensiu"e that changes or the 
addition of new features to die frame relay equipment have 
not introduced deficiencies in tlie implementation. The ETS 
tests most aspects of the specification, 

Tlie test suite can also be used by carriers to test frame 
relay equipment before it is hooked to a netW'Ork (accep- 
tance testing). In this way, the carriers can ensure a certain 
degree of interoperability among the different instruments 
of their network. 

Finally, along with other analysis packages available on 
the HP PT502, the ETS can be used for troubleshooting by 
network managers. 

Future Directions 

ACT-FR is now ready to tackle its next assignments, namely 
development of additional procedures for pennanent \irtual 
comiection (network-to-tvetwork interface), switch virtual 
connection data link layer (LAPF), and switch \irt.ual con- 
nection signaling. Hewlett-Packard intends to continue its 
role in the ACT-FR committee aiid to release an ETS for 
each ATS approved tiiereui. 

Conclusions 

Use of conformance testing in the early steps of the product 
developmetit life cycle speeds overall time-to-market of 
conmumicating devices. It also increases the probability of 
interoperability bet^ween products from different vendors. 

In the past, conformance test softwiire wa.s coded manually. 
The process was repetitive and error-prone. In £oday*s com- 
petitive market, these methods are not good enough to pro- 
vide customers in a timely fas! don with conformance test 
software to be used in -house for pretesting. 

The HP Protocol Test Center R<&D team has uiiplemenred a 
set of prodtictivity tools to automate the implementation of 
executable test suites. These tools have dramatically re- 
duces! the R(&D efforts needed to produce cxecutaljJe test 
suites. They have also enhanced the quality of the software 
and contributed to the detection of problems in the test 
specifications by underlining inconsistencies. 

The ACT- Frame Relay comnutiee has adopted the test speci- 
fications for the atiditional procediures for pennanent virtual 
connections (nser-to-netw^ork mterface). With the help of 
the TTCN Irjuislator, Hewlett-Packard was the first company 
lo offer a protluci for those test spetific-aUoiis. 
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The FDDI Ring Manager for the HP 
Network Advisor Protocol Analyzer 

The FDDI Ring Manager application takes the knowledge burden from the 
user and puts it on the network management tool. It pulls ring status 
information from station management frames and presents it in a logically 
ordered display. It gathers ring topology information from neighbor 
information frames and status information frames and presents that 
information in a graphical map and a textual report. 

by Stinil Bhat, Robert H. Krobotlij and Arme L> Driesbach 



FDDI (Fiber Distributed Data Interface) neti^'^orks offer 
Jiigh-speed data tjansfer and faiilt-tolerant dualling topol- 
ogy, but c!an add a layer of romplexit>^ to troubleshooting 
network problems. The dual ring can become twisted or 
wrapped, a serious problem that uiay not tie immediately 
appaient. Liter op erability issues can cause ring alinontiali- 
ties between products from different vendorSj but tracing 
these glitches to their source by looking at decodes can be 
intensely lime-consuming. And. altliough the FDDI station 
management: protocol defines a management information 
base (MIB) tuU of interesting infoiTnation, it may not be con- 
venient to access and make sense of that infonnation. The 
FDDI Rmg Manager application for the IIP 4980 Series Net- 
work Advisor protocol analj^ers* addresses these and other 
FDDI network management issues in one integrated network 
management application. 



Fig. 1 shows the FDDI Rmg Manager user interface, The 
ciment state of the dual liiig and general network perfor- 
mance are reported along with other interest ing network 
inforniatlon in the top ai'ea of the window. The middle area 
of the window is a grapliica! map of the FDDI network. Tlie 
ntjdes on the map can l^e opened to examine station man- 
agement MIB mfomiation. The FDDI Commentator, which is 
automatically started wheti the FDDI Ring Manager applica- 
tion is started, repoits trends, changes, and events of interest. 

The design of the FDDI Ring M^mager is based on customer 
mput. Early in the investigation stages of tJte FDDI Ring Man- 
ager, we decided to use five customer sponsors as develop- 
ment partners. After the first several iterations viith die five 
sponsors, customer requirements could be summarized as: 
Make it easy to see what's hapi^ening on tlie network 
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Fig. 1. FDDI Ring Manager user 
interface. 
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Fig, 2, FDD! Commentaior 

window. 



• Make it easy to see wlune iieiwcirk problems are 

• Autoraate tedious tasks 

• Pro\iric a tool that does not require the user to be an expert 
on I fie Network Advisor and an expen on FDD! protocols. 

As a result of ongoing customer consultations, we answered 
these requirements with the following FDD! Ring Manager 
features: 

• A ring status section to give a liigh-level overview of the ring 
state 

• Physical and iogicd ring maps to show graphical network 
topology 

• D\Tiatinc error indication using colors to isolate problem 
nodes 

• Autoniaterl i^olling of each station management MIB for 
proactive indical ifins of marginal conditions 

• Station information windows to give an orderly presentation 
of Stat ir HI rn^uiH^ement MIB information 

• The FTJDl fniniuentator to provide a history of events, 
tiends, imd f hanges on t he PDIJI rit^g 

• Ease of building a node list provided by a link from the 
FDD I topology mai>s to the oode list. 

The key contribution of the FDDI Ring Manager is to take 
I he knowledge buixlen From the user and ptit it where U be- 
longs, on the network manage meni tool, hustead of J^eqmring 
the user to sift through station mfmagement decodes looking 
for fields thai may relate to the status of the ring, the FDDI 
Riiig Manager pull.s that infonnation from station manage- 
ment frames mul i>resents it in a logically ordered display. 
Rather than expect tlie network majiager or operator to look 
at neighbor information frarnes and figtire out which sta- 
tions are upstream anrl downstream of a |)articular station, 
the FDDI Ring Manager presenis that hiformation in a 
graphii-al map and in a I textual report . Why require the user 
to keejj lraci< of ctvmiges in link eiTor rates for particular 



stations or trends of claimingt by one or more stations? This 
information can be collected and synthesized into meaning- 
ful events that ai'e logged iJi the FDDI Commentator. Fig. 2 
shows the FDD! Commentator window. 

FDDI Ring Manager Overview 

The FDDI Ring M^mager wijidow is divided mto three panes: 
the ring status section, the ring maps or topology* section, 
and the status bar. 

Ring Status. The top section of the FDDI Ring Manager wir^ 
dow is die ring status section. It provities high-level network 
hedth inffjmiation. Some of tlie indicaiors in iJiis section aie: 

• Fiing Stale: Shows wheflier the ring is in a normal, twistedt 
or wrapped state. 

• Observed Token Rotation "fime (TRT): Tlus is the actual 
time interval between successive tokens. 

• Active MA(.s: Tliis is a Ust of cunently active media access 
control units (MACs ) for each FDD! station t>pe. 

• Netw^ork "Traffic: Shows Uie current level of network traffic 
displayed as a percentage of to till bandwidth, and In frames 
per second and kilobytes per secontl 

• Ring Op Statistics: This is die number and peak rate of ring 
initializations in any five-second interval shwi^ fbe start of 
the FDDI Ring Manager measurement, 

• Commentator Events: This field shows how many events of 
each le\'el of severity have occuiTed and how many were 
logged to the ComineRtator 

fling Maps. The next section of the FDDI Ring Manager win- 
dow is tlie ring mai>s. The direct -manipiiiadon graphical 
network map shows the token path througli the ring in the 
logical ring map or the hierarchy of the physical connections 

t Claiming is a bidding process to detflTTnma the token holding rtme for nng slations The dmm 
process is initiated whEn a station enters ihe ring jinsertsj or leaves the rfrtg Ideinserts). bui it 
can also be the wsuH of rmdtt tjrconfipfalron proijEams. 
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Fig. 3. LcgeiKl uindow. 



in die physicaJ ring map. Nodew an I he graphical niaps tuni 
red or yellow to give dyjianiic error indication of problems. 
You can open or "drilJ down" into the problem nodes or any 
selected node on the map to see the current ronnguration 
and station management MIB values. 

Different node icons represent the different device types on 
tiie ring and colors are used to communicate the status of 
each de\ice (see Fig, 3): 

• Blue: TYimk f dual-ring backbone) station 

• Cyan: Node connected to the ring tlirough a concentrator 

• Yellow Concentrator: Lidicates a problem in the subtree of 
the concentrator 

m Yellow Station: Indicates tJiat ttiis node has detected frame 
enors on the ring 

• Red: indicates an alert-levei problem witii this station or 
concentrator. 

Status Bar. Tlie status bar Is a two-line area at the bottom of 
tiie FDDI Ring Manager x^indow; It shows the high-level sta- 
tus for tlie higl\hghted node. For example, the status may 
read "Node is wrapped on Port B." 

Station Information 

Information for eveiy station on the net%vork can be exam- 
ined by selecting tliat station's icon on Uie ring map. Even 
stations that have left the ring since the FDDI Ring Manager 
was started can be examined in the removed N'L\Cs window^ 
(Fig. 4), The state of a reitioveti station s RUB cim pro\1de 
valuable clues when troubleshooting a segmented ring. 

When the pltysicfil ring map is displayed, concentrators can 
be opened to show the M-portt connections beneatli d^em. 
Any concentrator connected to the M-port of another concen- 
trator can be opened to its own M-port map, thus showing 

f NetxvQfk nodes can have fotir f^pes of ports. A, B, 3, and M. M-ports farm one end of tree 
mode connections, that is. they are used to expand tbe network iree. See articte. page 97, 



tiie hienifchy of physical (connections (Fig. 5 ). Station infor- 
niatioit windows for coticertirators aie accessed witli a 
menu selection (Fig, 6)- 

The station information display for bolh stations and 
concentratoi^ is composed of the following sections: 

• Station Description. This section reports the station t^i>e, 
the number of MACs in the station, the number of M-i^oits, 
and die upstream and dowmstreaiu neigbbor addresses of 
the station. 

• Port Status. This section show^s the state of the connection 
between each local port and its remote port, the link error 
monitor reject count ftjr each port, the link error estimate 
for each port, and t lie lime the port connected to or dis- 
connected from the ring. 

m Frame Statistics. This section show-s frames transniirted, 
received, not copied, or lost for each ^L^C in this station. 

• Timer Values. Tliis section shows the station's requested 
token rotation time, the negotiated token rotation time, the 
vaUd trausiTiission timer setting^ the maximum token rotation 
time, -and any allocated synchronous bandwidth. 

• Miscellaneous. Tliis section shows any user or manufacturer 
data for this station. 

The FDDI Commentator 

The PT)D1 Conuuenlator runs automatically when the FDDI 
King Mtuiager is started. It provides a real-time conunentary^ 
on aO significant events occurring on the ring. These include 
events that lead to changes in ring topologj^, events that mdi- 
cate a problem on tlie ring (or conditions that might lead to 
a problem), and other normal events that are likely to be of 
interest to a netw^ork administrator. The FDDI t:ommentator 
performs the task of combmg through decoded frames for 
information of uiterest, a task usually left to the user. 

The events m the FDDI Commentator window are collected 
over multiple nms of the FDDI Ring Manager The contents 
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Fig* 4. Removed MACs windflw. 



of tlie FDDI ComiHeiimor can be printed to a file or in the 
printer. 

High-Level Architecture 

A qiiiek overview of the ai-chitecture of the FDD! version of 
the HP Network Ad\dsor protoc^ol anaJyzer will pro\icle a 
eon text for a discussion of tiie architecture of the FT.)DI Ring 
Maj^ager. The softw^are architecture of the FDDI Network 
Advisor consists of three nx^]or subsystems. Eat^h subsystem 
cjperates on a sepaj-ale liardwaae imit with its own processor 



as showMi in Fig. 7. Each subsystem constitutes a multipro- 
cess environment that supports the execution of multiple 
softH arc modules. Tlie environuTents are ( 1 ) general-purpose. 
(2) analysis mid real-time, and (-J) station management. 

The general-piuijose environnient is responsible for a 
Smalltalk-based window^s graphictil user interface and related 
user interface activities. It maintains and manages persistent 
information stic'h as node lists mxd setup configmation. The 




Fig. 5. M-ptirt. %vinflow. 
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Fig. 6. Station infontiatloa 

window. 



general -purpose cnwonment communicates with the analy- 
sis aiiti reaJ-l iine and station niaiiagcment en\droimients 
using con^jnands sent via the inter en^lroiiment process 
communication (lEPC) chmmel. 

The analysis and reaJ-tinte environment is an event-based 
nonpreemptive system optimized for network protocol anal- 
ysLs and troubleshooting, ll responds to conmiands from the 
general-purpose environment and sends back the results of 
its analysis in specially packaged units Cctliect analysis data 
units (ADUs), 

The station management environment is luiiguc to the FDDI 
version of the Network Advisor protocol analyzer Itjs prinuiry 
function is to nm the station management fSMT) ] process 
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Fig» 7, FDDI Netivork Advisor architecture. 



required by the FDDI stantiarti for all stations on the ring. 
The implementation of the station managcmcnl process wtLS 
acqiiu'ed from Distributed Systems, Inc. Tlie analysis ;ind 
real-time environment aiid the station management environ- 
ment conmttmicate \ia the station luanagemen! interface. 
The FDDI King Manager software spans ali of the above 
environments. It consists of software niockiles in the gener- 
aJ-puqKJse environment that implement the user hiterface, 
and in the analysis and real-time en\dronnient that j7ro\ide 
die basic analysis engine. The analysis engine uses ring in- 
formation from die station management environment as 
maintained by the station nianagement |>rocess. Tlie data 
now diagrani for the enthe appUcat ion is sliown In Fig. 8. A 
disctission of the Ff)DI Ring Manager software tnothiles in 
the general-pmpose environment and the analysis and real- 
time environment follows. 

General-Purpose Environnient GUI Subsystem 

The FDDI Ring Manager graphical user inierface fGUI) stjb- 
system is an object-oriented sysiem wrjiten in Snialltalk. 
This system tieavily leverages the existiitg HP Network Advi- 
sor softwiue platform to provide the user utterface function- 
ality for tl^e FDDI Rmg Manager. The FDDI Ring Manager 
user interface subsystem is designed to process variotis 
FDDI Rmg Manager analysis data lutits (ADl is) sent from 
the analysis and real-time enxiromnent and display these 
events appropriately In adcUtion. control and user com- 
mands are processed by the user interface subsystem, and if 
needed, they are sent Uj I he analysis and real-time system. 
Fig. 8 shows die data tlow- diagratti for tlte user inierface 
subsystem. 

FDDI Ring Manager View, The FDDI King Manager \iew con- 
trols the display of tlvree types of tiata in liie top-level FDDI 
Rmg Manager window (see Fig, 1 ), Tl^is view contains three 
subviews — one for each section, t:)r rile, of the to]) window. 
As the view receives data, it checks its ty^ie and routes the 
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data to the appropriate subview. When a siih\dew receives 
the data object, it is responsible for processing Uie data and 
displaying i I in its tile. 

The top and bottoiTi subviews in the FDD! Ring Maiiager 
view process ring status and analysis and real-ttme status 
messages and display the dais in these messages In their 
tiles. These tiles are read-only and require a simple tmnsla- 
tion from analysis and real-lime data to ASCII data b eft) re 
the data is displayed. The sub\iew that controls the middie 
tile, the topology sub\iew, is discussed below. 

Ring Top o log v Subview. The ring topology sub view is responsi- 
ble for the mapping of the ring topology data objects (repre- 
senting MACs on the network) in the middle tile of the FDDI 
Ring Manager window. Tliis subview also provides generic 
topology display functionality that is subclassed and used by 
the M-porl connections topology subviews (see Hg. 5) and 
the removed MACs topology subview (see Fig. 4). Each 
topology subview must work closely with its corresponding 
display niodule in the analysis and real-time environment to 
provide user interface navigation and **drill-down" capability 
for the iist'^r (see below), 

Topology Mapping. Wlien a data ADU is sent to the topology 
subview, it contains the infonuation for each MAC that must 
be displayed in the tile. For each ]VL\C, the subview must 
determine which icon needs to be displayed biised on the 
type of network device the MAC represents (Fig, 3 shows all 
of die icons used by the FUlJl Ring Majiager). This is clone 
by first looking up the MAC in the node list using the MACs 
address (found in the ADI ■). If there is a match, the node list 
type is used. If there is no match, the generic type (concen- 
trator or station ) fomid in the data .ADU for the MAC is used. 
A lookup is then done in the FDDI Ring Manager's icon dic- 
tionary to retrieve the appropriate icon for display based on 
the MAC*s tyfpe. 

The graphical icons used in the display aie prebuUt and are 
accessed tfuough an FDDI Ring Manager icon dictionary. 
The icon dictiomu^' contiuns associations of the form (t>T>e, 
icon) where type is rite key and icon Is t he value. Tlie icon 
dictionary Ls stored on disk ajid loaded when the FDDI Ring 
Manager measurement is instantiated. 

Once the icon is obtained, the conitecting lines are drawTi to 
the icon based on connection informarion included in the 
ADU. If a MAC has an error or w^aming status, or if t!ie MAC 
is rooted (on the dual ring), the icon is masked with the ap- 
propriate color (red, yellow, dark blue). After aU MACs have 
been processed, they are painted to the screen. 

User Interface Navigation. A topology sub\iew controls a tile 
tiiat rlispla>.s icons IVji ii\i to 25 J^lACs at any or\e time. If the 
ring has over 25 JVL^Cs (an FDDI ring can have up to 500 
nodes), a different set of MACs can be displayed. Tliis mini- 
mizes tine amount of data that needs to pass througli the 
IE PC foi- a topology update. Tlie scroll bar or cursor contiol 
keys can be used to display different sections of tiie ring. 

When the user sizes the vtindow, thus changuig the topology 
tile size, or navigat es to inspect other MACs on the network, 
commant b are generated for the subview's corresponding 
display module and sent from the subview to the \iew. Ex- 
amples of commands are: previous page, next, page, previous 



line, next line, home, tuid vnd Wier> the view receives a com- 
mand, it adds its handle imd sends it to the meastirenient. 
The measurement packages it and sends it to the ICPC. cles- 
tined for the subviewr's correspontling display module, if the 
disi^lay module determines that the user interface should be 
updated to refletrt the command, it generates a display ADU 
for tjie view and sends it to the lEPC. Tlie display AlUMs 
routed to and displayed by the topology subview that sent 
the command. 

"Dnll-Down" Capabilities, The act of selecting and opening an 
object to get detailed infonuation is termed **drillkig down."" 
Each MAC icon in a topology' subview is a control object that 
can receive and process user input. The user can move the 
cursoi' over the icons and sele<l one by either clicking with 
tlie mouse or pressing tlie enter key while the M\C icon is 
highlighted. Wlien a MAC icon is selected, the user interface 
detennines if an existing window should be made the top 
v^intlow or a new window shoultl I)e opened. In either case^ 
the window that is displayed as a result of the icon selection 
displays additional information about the iiA.C for the user. 

If the user interface determines that a new window needs to 
be opened it creates the view, registers it with the data event 
dispatcher, and sends a command to ihe tuialysis and real- 
time environ meitt to create a display module of a particular 
type. The tyi'je of display module creat ed depends on the 
t>pe of view needed. If the selected node is a rooted concen- 
trator and the FDDI King MEUiager is configiued for j^hysical 
mode operation, bi\ M-port connections view is created and 
a *^create M-poit comiections display module** command is 
sent to the analysis and reai-time environment, hi all other 
cases, a station infomtation view and a station infonuation 
display module are created. After' the create conuuand is 
sent to the analysis and real-lime enviromuent, the newly 
created display module sentis a display ADU hack to the 
view 's subview and the data is disiDlayed. Figs. 5 and 6 show 
the viindows controlled by tliese views. 

The Ring CQmmentatQr View, The ring commentator view con- 
trols the vvindow that displays the conuuentator events sent 
to it by its corresponding analysis and real-time display 
module. The conuuentator view contains a subview that is 
responsible for the processing and display of each commen- 
tator ADU sent from die analysis and real-tinte environment 
(See Fig. 8). 

Each ADU sent to a commentator view consists of a com- 
ment tjpe, one to four line identifiers, and zero to four argu- 
ments for each line. Aigiunents are values used when die 
ADU is displayed. Examples of argmnents are MAC address, 
port identifier and error count. When the subview receives 
an event from the view; it looks up the coiTect ASCII string 
and evf'ni level for die event based on its comment t>pe. 
Tliis string contains a one-hne description for the ev ent, 
suitable for posting to the Network Advisor's event log* The 
evTnt level detenuines the event severity. Tlie severity can 
be either normal, warning, oi' alert. The file containuig the 
event levels is ASCII and the levels can be edited by the 
user. Any chariges to the event levels are refiected ui the 
FDDI Ring Manager the next time it is executed. 

Each line of text for the event is then found by looking it up 
in a file based on the line ID. The line found is an ASCII 



&4 October 1 994 He wlett-Pack^cj Jounial 



)Copr. 1949-1998 Hewlett-Packard Co. 



string resembling the C-language printf format string. Each 
line is comerted to the proper display string using the for- 
mat characters to control the translation of each of the line's 
arguments- When each line is translated, it is displayed in 
the sub\iew's tile. 

Analysis and ReaJ-Hine Subsystem 
Ring Status Module. The ring status module is responsible for 
monitoring tlie key indicators of neTM*ork health. It is con- 
trolled by tlie ring mapper module which is also the ceniJ^J 
point of control for the FDDI Ring Manager application as a 
whole. As described earlier, these indicators come from \^ar~ 
ious source within the analysis and real-time and station 
marmgemeni environments.- From an implementation point 
of \iew tile Indicators can be categorized as basic or derived 
Basic indicators are those that are either measured imd 
maintained by hardware, such as observx^d tukei^ rotation 
time or network utilization, or a\'aiiable as part of the nor- 
mal FDDI station management procesSi such as jiegotiateci 
token rotation time and ring op cotutt. Derived Indicators 
are those that are outputs of other software modules. They 
tend to be inferred or derived from relevant station manage- 
ment frdjues (neighbor information frames and/or station 
information frame responses). Examples of this t>pe of indi- 
cator are ring state, active MAC statistics, claim mnner, and 
metastatistics on the commentator events. 

The data flow^ diagram of the FDDI ring numager in Fig^ 8 
shows the ring status module in relation to the rest of the 
FDDI Ring Manager software in the analysis and real-time 
environment . Tlie operation of the ring status module is 
driven by timers for the most part.. At regular intervals (five 
seconds for basic indicators and longer for others), the ring 
status module obtains the values for these indicators, pack- 
ages them in ai^ ADU and ships it to the general-piupose 
environment. 

Since the status consists of numerous indicators, some 
maintained in liardware and others in software, we faced 
the issue of having to combine indicators that reflect two 
different points in time. This is because the softw^are takes 
time to ]3rocess data and therefore tr^iils the hardw^aie by a 
few milliseconds. We solve tliis by reading tJie hajdwaie- 
maintalned indicators along with the real-tirue hardwaie 
clock at regular inteivals. When the sofh^^are finishes pro- 
cessing data corresponding to real time T, the hardware iitdi- 
cators corresponding to time T are combined with the soft- 
ware indicators for time T and the combined indicators are 
posted as die status for time T. in this way, time consistency 
is ensiu-ed for all ring status pane statistics. 

Ring Mapper Module. The ring mapper module forms the core 
engine for the FDDI Ring Manager software in the analysis 
and real-time environment. It implements the algorithms for 
building logical and physical \iews of the ring, Tliese algo- 
ritiuus are described in detail in tite article on page S:*7. The 
ring mapper also maintatins the list of removed MACs and 
generates event notifications for the FDDI commentator. 

Tilt' ring mapi>er uses the front-end monitor data path to 
obt^iin neighl>or ijifomiation frames *ind station infoiTiiation 
frame responses to its broadcast configuration and opera- 
lion station infonnation frame rettuests. Optionally we 
could liave chosen to use the node interface data path in tiie 



station management en\ironment This is shown in Rg, 8 
using dashed lines. 

Using the station management environment data path would 
ha^e required Distributed S^'stems, Inc. to make changes to 
its station management software to support our requirements. 
Since this would add a dependencj^ beyond our control for 
the project, we decided against this option. This decision 
WQB not witliout Its doTATiside. For performance reasons the 
ring mapper sets a station management filter to allow only 
station management frames to be saved in the c^ture buffer 
that feeds the monitor data path. This filter precludes other 
applications that use nonstation-management frames for 
their analysis from running siniuitaneously with the FDDI 
Ring Manager. However, we left open the possibility for 
change by implententing the ring mapper so that the source 
of its information is completely inelevant to its operation. 

The ring mapper compiles and organizes all necessary infor- 
mation from Uie station management frames it receives. 
From this information, it determines the ring maps and pro- 
vides on demand detailed station information for all nodes 
on the ring. For the physical \iew' of the ring, the ring map- 
per determines physical links betw een stations on the ring 
and to which ports that they connect. 

All general-puqiose conuiiands to control the entue FDDI 
Ring Manager ap]iUcation in the analysis ai\d real-time en\i- 
ronment are sent to the ring mapper, w^hich may act on a 
conmian^d or redirect it to the appropriate module — for 
example, a display ntodtile. 

Display Modules 

A display module is responsible for supporting a virtual win- 
dow in the general-piupose environment. There is a display 
module for each open window in the FDDI Ring Manager 
application. A windows fiisplay rnodnle supports standard 
windowing operations such as next page, previous page, 
next half page (for scrolling dowti), previous half page (for 
scrniUng up}, show i>age starting at specified point in \iitua] 
.space (ibr home, end, etc.), atid update page. 

Ali display modules get their information from the ring 
mapper They send their infortnation to tlie general-pmpose 
environment in the fonn tif a display ADll These are sent to 
Uve general-purtK*^^^' environment as a result of a conunand 
from the generaJ-puri)ose enviroimienl or on a perioiiic basLs. 
If I the latter case, the ring mapper controls the display mod- 
ule such that it updates the general-purpose environment 
with a liisplay ADU every update interval. Finally display 
modules have schemes for handling flow control and i ace 
conditions between the general -purpose environment atid 
tiie analysis and real-time environment. 

Conclusion 

Tlie consultations with customer sponsors early in the de- 
velopiTK^nt stages and throughout beta testing have given us 
a high degree of confidence in the usability of the FDDI Ring 
Manager In addition to imt>lementing the right features^ we 
were able to address several real-life situations that would 
not have occun'ed on the in-hoiLse test network. Tlus collabo- 
ration with users \^bs lielped us create a product tiiat answers 
tiie needs of oiu- t^usloniei's, the FDDI networt^ matiagers 
^ind operators. 
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FDDI Topology Mapping 



For the FDDI version of the HP Network Advisor protocol analyzer, ring 
mapping algorithms were devised to provide topological views of FDDI 
networks. These algorithms are designed to handle many problem 
situations that are characteristic of emerging LAN technologies. 

by Siiiiil Bhat 



Central to niost network management products is network 
topolog>' mapping functionality. A topolog>' map lieips in the 
management of the devices on the network and provides a 
context for troubleshooting network problems, Tlie FDDI 
Ring Manager application for tlie HP Netn^ork Ad\isor pre*- 
tocol analj^er (see article. iJage 88 ) is no exception to this 
rule. The core of the FDDI Ring Manager is the ring mapper, 
which provides ring topology information that forms a con- 
venient framework for gathering and maintainitig connection, 
configunuion. operational, mid historical information for all 
devices on live ring. This aiticle focttses on die i>rocesses 
and algorithms used by the ring mapper for generating 
topology maps for FDDI rings. 

Topologically, ai\ FDDI network forms a dual ring of trees or 
a subset thereof. This Is because all FDDI hnks are duplex. 
This results ui two sepai^ate count enotatuig rings, hi the 
event of a fault, tlie two rings wrap about the fault, forming 
a single uniiieti ring. Tlie dual ruig is referred tu as the trunk 
or backbone ring. 



FDDI network lopology can be \1ewed in tw^o distinct ways. 
The logical view i^ an ordered sequence of all the acti^^e 
media access control (MAC) eletnents on tJie ring that par- 
ticipate in the FDDI protocol. It descnl>es the path of the 
token through the acttve MACs. In a fault-free netifv^ork, 
there are t.wo separate token patiis and therefore tv^^o logical 
rings, These are referred to as the primari/ and secondatjj 
rings. The physical m€u\ on the other hand, describes the 
way m which the network components like stations, concen- 
trators, and so on are attiiched to eacii otiier witli physical 
hnks to form the FDD! network. 

Basic FDDI Concepts 

For die benefit of readers not fimiihar with the FDDI tech- 
nology', this section pro\ides a brief introduction to the basic 
concepts that are relevant to die the discussion of topology 
mapping, Bg, I shows a typical FDDI ring. The token path 
within statioiis is indicated using dotted hues. 



Trunk Ring - 



EttlBmtt 



3COM Raiftuf 






PrimtrvBififfl- 
Secondarv Ring ■ 



DEC BOO ConcfiiirrBtar 



Mlj 


jw^n 


M3 


...m\ ! 




T^ 


"H 


N ""^ 




Network Pfiriphersl ^^^^fmB^^^^^^^^^^ 




^ 


il-B ^-S 




C[i[>cenrratdr ^IQuA^^^^^^I 


■ 


I 


Mi*"riMi 




'^"Hhb^I 


■ NR 


1 


^^H NH^^^^H 




M1 M2 M3 


1 
M4 


■ 


iJetwork Fratik's 
Adluisoj Station 




'^\' ^^ 


N 








Mi ri 


^ 




K B, S. M := Port Type 




"^m "m 


^^ 




T = Tree Mode Connaction 
P ^ Peer Made ConnectiEin 
R = Routed Stat inn 


Fig. 1. An example ofaxvFDPI 


Ann's Station Bil 


's Station 




NR = Nonrooted Station 


ring. 



October \WM I It' wk'Lt-Pjickarfi .Jf iiiniaJ WT 



)Copr. 1949-1998 Hewlett-Packard Co. 



A node on an FDD I network comiects to the media via a 
poH, which provides one end of a connection with another 
node. Til ere are foiir types of ports: A, B, S, and M Each 
connection is supported by a hnk which consists of a fnJl- 
duplex fiber or copper cable, li; has a mode associated with 
it based on the tyi>es of ports it connects- The %'aJld in*Hif s 
are peer, tree, and none. Peer comiections are formed on Oie 
trimk ring, which consists of A-B connections. These con- 
nections have no end poH of tyi;)e M. TVee connections c:on- 
nect nodes to the M-porrs of concentxators. In this mode 
exactly one end of the connection is a port of type M. M-M 
connections faii under the none category and are disallowed. 

The stations on the trunk ring are called moif?d while Uiose 
that comiect to it \ia a concentrator an? nonmofed. Rooted 
stations have no active port of type A, B, or S connected in 
tree mode. 

FDD I diflfers from its preceding technologies like Ethernet 
and token ring in that the standard mandates that eaeli node 
support station management (SMT). Stiition management is 
responsible for netwx>rk rehabilily as well as management- It 
incorporates a management information base (MIB) that can 
he queried remotely using stalion management frame senices 
to gef infonnation aliout the node, sucii as status, configura- 
tion, operation, and so on, TJiis infonnation is invaluable for 
understandiFig the topology and the health of tlie ring. The 
station management fiame services that are used by the iing 
mapper are neighbor infonnation frames (NIFs) and station 
information frames (SIFs). 

Neighbor infomiation frames aie used in tiie neighbor notifi- 
cation process by eveiy MAC on tiie ring. Each ]VL\C gener- 
ates a NIF at least once every 30 seconds, which allows 
others to monitor topological changes on the ring. A NIF 
sourced by a MAC contains its ops ti earn neighbor address. 
This way each MAC can ui)flaie its upstream neighbor ad- 
dress. NIFs jjiclude a description of the station iiu'luding the 
type of node, nmnber of MACs, port resources, the status of 
the station such as WTapped or twisted, and tJie upstream 
neighbor address of tlie logical upstrcimi neighbor ^L\C. 

Station information frames are used to acquire detailed sta- 
tion uifomiation m a packaged fonn. Configure and operation 
SIF responses contain configuration and operation informa- 
tion for each resource within the station, over and above the 
basic infomiadon contained in NIFs, This information is 
avallai>le only by active queiying and includes ijasie station 
infonnation contained hi the NIFs, a path descrii>tor for the 
intenial token path within tlie station, tinter vahies and vari- 
Otis frame counts for each MAC resource in the slat ion, and 
Unk eiTor information for each connection to the station. 

Discovering the Ring Topology 

Tlierc aie botii passive and proactive schemes for discover- 
ing the ring to]jologji Tlie passive scheme consists of moni- 
toring the asynciironous .NIFs on the ring that are part of the 
neighbor noUHcation process. A MF contains quite basic 
informatiori that lacks physical details, so one tan only infer 
a logical \1ew of the netw^ork. By monitoring the ring for a 
complete i^oiHid of neighbor notification (at least 30 seconds), 
the mapper can obtain sufficient in format ton to build the 
logical map. This map is representative of tlie ring (primai^^^ 
or secondary) being monitored. 



Active schemes involve quer>'ing tfie nodes on the ling for 
neighbor and other infomiatjon using NIF, SIK or get-PMr" 
request frames.! By using appropriate refjiiests one can oIk 
Tain logical, physical, configuration, and operational infor- 
mation. There are two flavors of active querjlng; broadcast 
and circular, in either scheme tiie responses are directed to 
the agent nmning the active process. 

In broadcast querying the aciive process can broadcast one 
of the above request frames, captiu^e all the responses, and 
build the map from tiie infoniiation contained in the re- 
sponses, hi circular querying the active process queries the 
nodes on the Jing in a sequential manner by sendmg unicast 
request frames sliuting witJi its upstream neiglibor. The 
neighbor's response to die queiy sliould provide the address 
of the next upstream ]VL\C. which would be queried next. 
This process continues aroimd tJie ring until the agent is 
reached. This proems is also referred to as "walking the ring.*^ 

Data Structures 

The ring mapi>er of the FDDl fiing Manager uses we!I-knowm 
structiu'esto maintain infonnation on eacii node u\ the net- 
work and its resources (MACs and port*i). Each of these 
structures can be linked into a list. Sets of relevant stmctiyes 
are linked together in a specific order to represent logical or 
physical topological infonnation. All of the structures and 
supporting services like linked lists, hashing ser\ices, and so 
on have been implemented in an object-oriented fashion 
using the C++ progian^Lming language. 

The MAC structme contains tlie following information: this 
MAC address, upstream neighbor JVIAC address, downstream 
neighbor MAC address, and topological resource uiforma- 
tion. Tlus infonnation is maintained for physical topological 
mapping purposes only. 

The port structure contains the following information; pott 
type, coimection state, remote port type, Imk to the remote 
port, and topological resource information. This infonnation 
is mainlained for ph^^icaJ topological mapping purposes only. 

Topological resource uifomiation for a station relates to the 
token path ^^itllin the station. The resources \\ithin a station 
are uulcxed from 1 to n+m, where n is the number of i>orts 
and m is the number of MACs physically present in the sta- 
tion. Both the MAC and the port resource structures also 
contain the follrjwing infonnation: 

• Resource index. The index of this particular resource 
among all lesonrces in tiie station. 

• Comiection resource index. The resource kidex of the re- 
source within tlie station tliat is the downstream neighbor 
of this resomTc in tiie token path. 

• Neighboring resource uifomiation. This includes links to 
neighboring resource stnictures: 

Pointer to the upstream resoiu-ce 
Pomter to the downstream resource. 

Tlie station structure stores basic information regardmg a 
station and maintains links to each of its resoiu-co struc- 
tures. This information includes a description includuig the 
tyjie of the station and the nmnber of MAC and port re- 
sources, the state of the station such as wrapped or twisted* 

1 A get-PMF request fraine requests a paramEter value tmm a MIE on the desiiriatian statifln. 
The response ts a PMF— parameter mafTagemem frame— containing Ihe pafameier value 
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for thp DEC 500 concentrator of 

Fig. 1. 



and an array of links to the structure for each resource hi 
the station. Each link consists of a type of resource and a 
pointer to its stnictiire. 

An example of a station structure, along with its resource 
structures, is sho^Ti in Fig. 2. This structure is for a single- 
MAC dual-attach concentrator wit! i ei^ht M -ports. 11 also 
illustrates the internal token paths, whit^h aiv represented 
by the upstream and downstream resource links. 

Topological information regarding the FDDl ring is main- 
tained by liiikinjj; the above basic structures on siieciflc lists. 
Each list pro\ides different semantic iufomiaLion. There Ls 
at most one structure for any MAC. A MAC structure, once 
created, may exist on exactly one of the following three lists 
based on the current status of the MAC: 

• Tlie logiciil topology list consists of MAC stnictures, one for 
each active MAC on the ring in the re^-^erse order of the token 
flow. In other words, for every MAC stntcture on the Ust, 
the stntctures to the right and left represent tlie upstream 
and clownstJt^aui neighbor MACs, 

• The active MACs lis! contmns the stntctures for MACs tlial 
are active on the ring but have not yet been placed in their 
appropriate positions on ttie logical topology list. 

• The retnoved >L\Cs list represents the stmctures for the 
MACs that we know of but are cujrrently inactive. 



Any MAC structures that reside on atiy one of tlte above lists 
may also be directly accessed by nteans of a haslihig scheme 
that keys off the least significant bits of its MAC address. 
Tlie above scheme ensures that collisions in the hashing 
function are rare. 

Uming Elements 

The momior mieiTal is the interval of time over which the 
ring mapper monitors the relevant frames on the ring. The 
types of frames monitored depend on the scheme being 
used for topologj' tnapping. For example, for logical mai> 
ping using the passivt^ scheme, it stiifices to monitor NlFs 
for m\ Lntei-i^iil of IM seconds to capture one complete round 
of the neigiibor notification process. The monitor tinier is 
used to track the monitor inten'^al. 

Tlie update intermJ is the user-specified Interval for deter- 
mining the ring top(jlogy. In active schemes, tliis inteival 
defines \hQ polling frequency of the agent. This is tracked by 
the update tiine}\ 

Logical Mapping Process 

The tojjulogy majiper c:an be configured to use either a pas- 
sive or an active scheme to determine the logical view of the 
ring. This section describes only the passive f^HK'ess, whicli 
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FlU' 3, If I Figs. 4 and 6, alJ tfinsiliofi^ from a current state to a new 
statci art* represented as shawri here. All transition conditions ar*? 
evalnatet] from thc-f currt*nt state. If the transition condition are satis- 
fied, thf? Slate machine perfomis tht* assoriaTf?d transition attiorus mid 
enters the new state- The now state imw beofimes the eiirrent state. 

differs frt)m the atlive prot^ess Citily in tiie frames (NlFs 
instead of SIF or get-PMF responwesj It uses for obtaining 
neighbor information for building tlie logical topology. 

Tlie processes duscitssed in this article tire described using 
state machines aiid the individual <xlgoritluns are described 
using smipl*^ procedural steps. The convention for the state 
macluiies is shown in Fig. 3. 

Fig. 4 shows the stiite diagram for the passive logical map- 
ping process. The mapper is in the STOP state when it is ini- 
lialized (created). In this state, it waits for a user directive 
(START) to stall tlie mapping prot^ess> On a START directive, it 
starts monitoring NlFs- For the purpose of knowing the up- 
streanT neighbor MAC jiddress for each active MAC on the 
ring J it is sulTicieni lo monitor only broadcast NIF requests 
and annomi cements fora niiMimiini <jf 31 seconds. 

In the MONITOR NfFs state tln^ mapper is monitoring aJl broad- 
cast NIF requests and amiouncernenLs on tlie ring. On re- 
ceipt of a frame from a sourcing MAC, it accesses (creates if 
necessary) and updates the slnicture for that MAC from the 
information in the frame. The ret:eipt of a NIF from a MAC 
wittdn a monitor period indicates that the MAC is active for 




STAHT 



STOP 



1. Start monitoring ^tFs 

2^ Stan mcinjior timer for 31 seconds 



1. Stop monitOfing NIFs 

2. Cane o! monil or timer 

3. Re$et data $i:nJGtif res 



Monrtof Timer Expires 
Build Ifigical map 




NIF Receive [f \&5: Source Adrfres s. linat Upstream Wgiflhlwf Atfdres*) 

1. ai^tive IV1AC = find IVIAG structure for s^. 
Z if inotfDUJiifl 
tfi^n, 

21 sctive_MAC = cfeTte a MAC structure for sa. 

22 Append active MAC to active MACs list 
e^se 

2.3 if (aciive_MAC on removed MACs list) 
then, 

2.3.1 Remove active. MAC from removed MACs list end append to 
active MACs list, 
endtf 
#ndif 
3, active. MAC.una *- una 

Fig, 4, State diagram for the logical mapping process. 



at least some of tJie monitor period. Therefore, if tJie struc- 
ture for the IVIAC is on the removed MACs list it Is moved to 
the active MACs list. The mat)per exits cjui of tins state 
when the monitor timer expires and it has finislied process- 
ing all the received NIFs, At tiiis point the mapper has all the 
necessary information to build ttie logical topology map. 
The mapper can i)e aboned out of this stale liy an explicit 
user STOP directive. 

Building the Logical Map 

Sin^ply stated, the dgorithni for biiiiding the logical ring map 
consists of start iiig witli a MAC Ihat was active (and thereby 
inserted) on the ring and finding the MAC structure for its 
upstream neigiibor as reporied in its npstream neighbor 
address. Onte found it Ls placed iipsl ream (to the right) of 
die cnrrenl MAC. The algorithm tlven moves to the tiext 
]VL\C and repeats the process until it reaches the sfart MAC 
and tlie ring Ls complete. Complications to this process arise 
when there are inconsistencies or incompleteness in the ring 
inforination acquired over a monitor period. Tills causes 
discontinuities in the ring map whicii tue referred to as gaps 
ai\d are represented using a speci^il AL\C stnieture called a 
gap structure. Some of the causes for discontinuities are: 

• A MAC with ku\ unknown upstream nei^ibor address 

• Multiple MACs re].>orting tiie same upstream neighbor 
address 

• A MAC with ail upstreiun iieigiibtjr aiidress thai is unseen 

• Improper NIFs sent by a MAC. 

If there are gaps a patcMng scheme is us^d to del ermine 
the ring mat) to *^h^ extent possible, 

Tlic basic steps of the logical mapping algorithm are 
described below: 

i. Remove all MACs from the logical topology list tliat did 
not source a NIF over the last monitor period, that is, all 
inactive MACs. Invariiint: A MAC is on tlie logical topology 
list or the active Mi\Cs list if and only if it source* 1 at least 
one NIF (i.e.t was active) over the last monitor petiod. 

2. Stari with the l^t active MAC in the monitor period This 
Mj\C h^is die best chaiice of being in tlie ring at the end 
of I he monitor period. Let this be kjiowii as the start 
MAC- Set the ciurent Mj\C to be the start MAC. 

3. WTdle (current MAC s upstream neighbor address differs 
from the start MACs address) 

do 
SA Find Hie ^L\C structure for the MAC corresponding 
lo the tip St ream neigiibor address of the current 
MAC. This is tiie new upstream neiglibor MAC of 
tlie ciment MAC. The old upstremii neighbor MAC 
was the structure to the right of the cunent M\C, 
3.2 If ((ciinent MACs upstremn neighbor address Ls 
unknown) OR 

(ciuTeiU MAC is OJie of multiple active ^LACs 
reporting smne upstieam neighbor addi'ess) OR 
(current M^C's upstream neiglibor MAC has not 
sourced any NIF over last monitor period (i.e., 
is inactive))) 
then, 
3.2.1 Insert a gap structure to the right of the 
cuiTent MAC. 
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222 Cut the logical topolog\^ list past the gap 

node arid append it to the active MACs list 
'^2.3 Patch logical map. 
endif 
3 J If (new upstream neighbor IVIAC differs from the old 
upstream neighbor MAC) 
tiieii, 
3,3.1 If (new upstream neighbor MAC is on the 
logical ropolo^' list ) 
then, 
3.3.1.1 Remove MACs from (and 

including) old upstream oeiglibor 
MAC to (but not including) new 
upstream neighbor .\LAC and 
append to active MACh list* 
else 
3J,1 ,2 Remove new upstream neiglibor 

MAC from current list anti insert to 
right of the current MAC. 
endif 
endlf 
3.4 Move lo tiie next upstreitm M^\C by setting tlie 
current MAC to be the new upstream neighbor 
MAC. 
endw^hile 

4. Purge ail gaps from tlie active MACs list. We will deter- 
mine them afresh if needed. 

5. If (active MACs list is nonempty) 
then, 

5.1 hisen a gap structure to the riglil of the current 
MA.C in tlie logical topology list 

5.2 Patch logical map 
endif 

6. Return SUCCESS 

Patching the Logical Map 

This fuiK:tionalify is invoked only if for any reason there i.s a 
gii[) in the logicid map ijiformation. In the event of multiple 
gaps the map is l)ix)ken into sequences such that the logical 
token flow insinuation is cfjnsistent within a sequence. This 
aJgorithm uses a temporary' list of MAC stractures to build 
and store each sequence. Let us cjiU it the sequence list. 

L Purge all gaps from the active MACs list. We will deter- 
mine them afresh if needed. 

2. While (active MACs list is nonempty) 
do 

2.1 Remove the MAC at the head of the active MACs list 
and append it to the sequence list Let this be the 
current MAC. 

2.2 Set sequence coinplete to FALSE 

2.3 While (sequence complete is FALSE) 
do 

2.3. 1 If ((current MAC*s upstreajtt neighbor 

adches5 is unknown) OR 
(cujTent MA(**s upstream neighbor MAC 

i\as not sourced a NIF' over the lust 

monitor p(*rtod ) OR 
(cun*enl MAC's iipslreani neighbor MAC is 

on ti)c logical lop<jlug,v list but is not tlie 

first MAC of a smiueiu^jj 



D D 



Fig. 5. Tl\*^ priman' ring of an FDni rii-rwr>rk 



then. 



2.3.1.1 Insert a gap structure to the riglit of 

t-he ciurent \LVC. 
2.3. L 2 Append entire sequence List to the 

lo^cal topologj' list 
2*3.1.3 Set sequence complete to TRUE 
endif 
2.S.2 if (current MACs upstrciuu neighbor is on 
the logical iopolof0' list and is the first of 
a secjuence) 
then, 
2.3.2.1 Insert entire sequence list to tlie left 

of tile upstream neighbor MAC. 
2*3,2.2 Set sequence complete to TRUE 
endif 
2*3.3 If (current MACs upstream neigiibor MAC is 
on the active MAt's list) 
then, 

2.3.3.1 Remove upstream neighbor MAC 
and append to sequence hst 

2.3.3.2 Move to next upstream M^C by 
setting tt\e current M^C to be the 
upstream neighbor MAC 

endif 
endwhile 
endwhile 

LfkgieaJ Mapping Example 

Consider the liitg in Fig. 5, where the labels on the nodes 
refer to their MAC addresses. Tlu^ token flow is as intiicated, 

Tlie HP Network Advisor protocol analyzer with the PDDi 
Ring Manager api>Ucation is the station labelled NA between 
nodes B and C. Let the sequence of bilFs monitored by the 
Network AcKisor in the first niunitor Lntenal (say 31 seconds) 
be as listed below in increasing order of time. 



Source Address 


Upstream Neighbor Address 


D 


C 


NA 


B 


E 


??{imknown) 


B 


A 


A 


E 



hi tbis list ffiere aie I wo gaps in our inforinatiou: (1) Node E 
rep oils an unknown ni>streiun nelghlKjr address, and (2) 
There is no NIF from node C (maybe because of a poor im- 
plementation ) within tlie entire monitor inten^al, so we are 
unable to verify its existence on the ring. 

Since the last NIF monitored within the monitor iitt^rval 
wa.s frojn nofle A, we slvMl si an building the lo^icnl map 
from it. On applying the iMiiki logi* al [tuq) algtuilhin we 
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START {UpdatB Interval) 



STOP 



1h Stsrt monitoring configure SIF responses 

1. Send 

- Broadcast configure SIF request 

- Umc si configure SIF Hequesi lo oneself 

3. Sian momToriimerfor 10 seconds 

4. Starr upda^te timer lor update interval 



1. Cancel all timers 
1. Reset data structures 



^^^^^^1 

„ 



Monitor Timer Expires 

1, Slop manitoriirg SIF ra sponsor 

2, Build fofical map 

3, Thread physical links 



Update Timer Expiras 



1. Send 

- Broadcast configure S^IF request 

- Unica^t configure^ SIF raquast to onesall 

2. Start monitor timer for 10 seconds 

3. Start update timer for update interval 

Confijure SIF Responses Received [sa: Source Address) 
1. Find MAC structure for sa. 
lif Inotfound) 
then, 

lA Create a MAC stmclure for sa. 

2.2 Appettd newly created structure on active MACs list 

else 
22 if (MAC structure fiut on logical topology list) 
then. 

2.3.1 Remove MAC structure from current list and append to active MACs list. 
end if 
end if 
1 Update aii MAC, port, and station resource structures lortlie station responding. 
4. Suilif iniernal token patfi for the station from the pattt descriptor parameter 



Fig, S. State diagiain For t.lie 
i:)fiysicaJ mapping process. 



builfi a paitial sequence before encovmtering the first gap 
(represented as ??) in ovir iiilVjrniation. The fonllgunitions of 
the logical topology and artive MACs lists at this pohil are 
shown below along Mdth the step number of the logical tnaj>' 
ping algorillmi by which the MAC was added to tiie logical 
topolog>^ list. Since both Lists are double-linked Usts, the 
Unks iire fiiil-duplex- 



1 

Logical Topolog^^: A 

m 


E 

f3;I1.2) 


(3.2. 


\ 

Active MAC^: D 


NA 


B 



At this point, the patching algorithm is invoked, which re- 
sults in the hallowing logical topolog>'. In this case tlie step 
numbers reflect the steps of the patching iilgoritlim. 



Logical I 
Topology: NA" 



(B.a2J)(2.3.2J) 
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Physical Mapping Process 

To build a map of the physical topology of the network, the 
mapper needs logicid as well as hitenial token path iitforma- 
tion for all of tlie active stations on the network. Logical 
information can be obtained in a passive or an active man- 
ner ajs outhned in prior sections. However, path infomiation 
can only be obtained by actively (iuer>ing for it. 

The physical mapping process consists of three m^or steps: 

• Obtain the internal token path for each active station on the 
ring. 

• Build the logical topology map of the ring. 

• Determine physical links between stations by threading end 
ports of physical comiections ushig the logical map <mA the 
mtemal token paths of the end stations. 

Fig. 6 shows the state diagram for the physical mapping algo- 
rithm. The STOP state is the same as for the logtcjii mapping 
process. On a START directive from a user, the monitor timer 
is set to an interval (10 seconds) that should be sufficient to 
receive aii resp tenses to the requests. Tlie update monitor is 
set for a user-defmed intenal, wliich needs to be greater 
than the monitor period. 
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In the MONITOR SIFs state the mapper is monitomig configure 
SIF responses destined for it. On receipt of a response, it 
accesses the station structure for the sourcing \L\C and 
updates the MA£ and port resource structures for all re- 
sources within it. It transitions to the WAIT state when the 
monitor tinier expires. At this stage it is assumed that the 
mapper has received all tlie responses to its re<iii^ts. The 
m^per now has all the infonnation to build the logical and 
physical topology inaps. The mapper can be aborted out of 
this state by a STOP directi\*e. 

In the WAIT state tlie mapper is waiting for the expiration of 
the update mterv^al at which time ii ^^ill query the nodes 
again and tjansition to the MONITOR SfFs state. The mapper 
emt be aborted out of this state by a STOP directive. 

TT^e token flow tiuough the resources of a station, both MACs 
atui pons, Is described by the path descriptor parameter of 
die station management MIB of the station. This inform adon 
cm\ be requested using configiue SIFs or get-PMF request 
frames. Tlie path descriptor is a mandatoi^^ p^uameter in the 
configiuT SIF response, A Network Adxisor decode of the 
path descriptor for a concentrator node is shown in Fig. 7. It 
contains a record for eacrh of ti\e resources diat are physically 
present in the station, first the ports atid then the MACs. 

All resources physicalJy present in a station are labeled 
using sequential indexes. The ports have indexes from 1 to 
Uj where n is the niuriber of ports physically present in the 
station. The MAC resources are indexed from n+1 to n+m 
where m is the nutnber of MAC s physically present in the 
station. For a resom'ce in the token path, the connection 
resource index in its record indicates the index of its down- 
stream neighbor resource mthin the station. For a resource 
that is not part of the token patl), the connection resource 
index is its own index. To (ielennine the internal token patli, 
choose a resource thai has a coiinection resottrce index 
different from its index. Move downstream to the next neigh- 
bor resource by following its coimection resource inciex. By 
toilowing the ctjnrierlion indexes of the resources in this 
fjLsiiion we ( ai^ traverse the inteniaJ token path, setting bolli 
upstremn m\d downstream neighbor resource linkH appro- 
priately in the process. For the concentrator of Fi^. 1 tlie 
internal token |iath and the resoiuce links that reflect It are 
shown in Fig. 2, 

Threading Physical Links 

Tlic task of delt'iTiiining tliP physical links consists of 
tluTading Uu'ouglt tht' (nken path of thp entire ring starting 
from a rooted M'^C atul mo\Tng upstream tiuough the re- 
soiu'ces on the loken path. During tlus traversal, Ihe algo- 
rithm links remote port resom-ces together to reflect actual 
physical links between these ports. Alter a successful com- 
pletion of the algoriUun, it is possible to identify the actual 
physical topology by follovting the resource and remote poti 
links of die acti%^e resourc^es on the ring. Tlie logical iopolog>' 
list provitlejii a basis for the threading process. It represents 
all active MACs on the ring in I he reverse order of token 
flow. The threading algoridun is as follows: 

L Clear the remote port link for all ports of all stations that 
we know of. These links will be estabhshed afresh as part 
of die tlu-eadmg process. 
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Fig* 7, Nc^twork Advisor decode of the p-dih descriptor parameter irt 

an 811' vxinfimmtUin n^sponse. 
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2. Sel the srart MA( ' to be any rooted MAC from the logical 
topology list (This choice of the start MAC works fine 
only if tiie ring la neither wrapped nur twisted. Those 
cases are discussed in the next section J Set the current 
MAC to be the siart MAC. 

3. Set. the end MAC' to be the first MAC' downstream of the 
start MAC that belongs to a different station thaji the 
st;irt MAC. T!ie end MAC can easily l>e found hy travers- 
ing the logical topology list in the downstream direct ioti 
and comparing the station ID for the host station of each 
traversed MAC with the st.art MAC. 

4. While (current MAC- <hfferent from end MAC) 
do 

4.1 Find the first MAC upstream of the current MAC on 
the l<}gi(*a] tcjpology hst that belongs t<:) a different 
station than tlie ciuTent MA.C\ Let tins be the next 
MAC. 

After step 4.1 we have two M4Cs that belong 
to neigh bormg stations. The next step is to find the 
end ports for the physical connection between 
Uiese stations. 

4.2 Traverse the uitemaJ token path from the next MAC 
in the downstream direction imtil a port resource is 
I eached. I^t tins be the next port. 

4.3 Ti'averse the internal token path from the current 
MAC in the upstream direction until a poit resonrce 
is reached. Let this be the current i><it1- 

4.4 Willie (current port, is already hnked lo aur^lher 
remote port) 

do 

4.4.1 Current port = current port's remote port 

4.4.2 If (current port is same as next port) 

return SUCCESS 
This happens in the case of a wrapped 
station. 

4.4.3 Traverse the internal token jJBth from the 
current port m the upstream diiecdon luitil a 
port resource is reached 

end while 

At this point we have two end ports of a physical 
connection. Set the port siructiure links to reflect 
this fieri ved irtfonnation. 

4.5 Link the remote port links together 

remote port of current poit = next port 
remote port of next port = current port 
4.G Move to the next MAC. It becomes the new current 
MAC. 

endwhUe 

5. Return SUCCESS 

Problem Situations 

The algodUmis discussed so far In this article desciibe the 
basic fiamewcnk for generating logical aiifl physical view^s 
of FDDI ring topolog>. They work well for rings having con- 
forming J^odes attached lo diem. Real FDDI installations 
pose siiecial cbidtengcs to the above schemes, especially ihe 
otie for Iniildinj^ tlie pliysical maps. By the ver>' nature of the 
map. a lot of infonnation from all of the active nodes on the 
ring, whieli may be fnun different vendors, needs to fit to- 
gether somewhat like a jigsaw puzzle to get a consistent 



pictm^e of the physical links. For a vanety of reasons it may 
not always fit. 

The basic threading algorithm as described above works 
well if for any two neighboring MACs on the logical uiap fhiit 
belong to .st^tnu ate physical nodes, there exists a physical litik 
connecting these nodes. Let this be known as the threading 
condition. Most problems or complications of the threading 
process arise when for ymy reason this condition is violated. 
It is flu=ref(3re importimt to detect all such violations mid lum^ 
tUe them appropriately. We made significant enhancettients 
to the basic structure of the above algorithms to deal wdtli a 
variety of such situations, some anticipated and othei^s not. 
These situations ciin be broacily classified as topological 
variations, .MA CI ess nodes, incomplete information, and 
mconsislent information. 

Topological Variations. Tlils category of problem situations 
includes different ring toj)ologies such as a twisted ring^ a 
w'rapped dual ring, and a wrapped and twisted ring. 

In the c^vent of a twisted ring that is not v\Tapped, scjuu^ tiodes 
on tlie ling disapjjear froiti the imm^iry ring atid MVf>ve to Ihe 
secondm>' ting smit that tliere is loss ofctmirnuniration 
betwx^en the two seLs of tiodes. Even tliougli all of the nodes 
are still physically connected to each other in the form of a 
ring, the HP Network Advisoi^ will see only a subset of the 
nodes based on the ring (prui^Eary or secondary) it is nionitor- 
ing. F'or example, Fig. 8a shows a twisted ring tliat consists 




[a) 



(b) 



to 



FijS, 8, (a) A twisted dual ring. (1>) The output nf tiie basic threadiiig 
algoritlim for the ring In (a), (t) The more accurate physical map 
generated by the modified threadiitg algorithm. 
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of two disjoint logicaJ rii^s^A-B-C' and E-D* in the order of 
token flow. If the bask* threading process used the first log- 
ical ring to determine the physical xnap. then the result would 
be as shown in Fig, Sb, which is inaccurate since it shows a 
direct physical link between nodes C and A, tlie points of the 
twist. The ring ttmpper of tlie FDDI Ring Manager applica- 
tion of tJie HP Network Ad\isor handles this by checking for 
neighborii^ stations on the ring that are twisted (it does this 
by looking at port types) and inserting a gap Ijetween them. 
This results in tJte map of Fig. Her, which Ls as accurate as we 
can get given the information that we possess. 

A wrap on the dual ring causes the priinar>^ and secondary^ 
rings to coalesc^e to form one at tive ring. A wTappefi dual 
ring is handled by choosing the stan MAC' lo be the iLAC in 
the station that is wrap|>ed on its port A and the end MAC to 
be the first MAC doiAiistreani of the start MAC that belongs 
to a different station. Since the tlureading process moves 
upstream, fhis choice ensures that the traveraal of tiie log- 
ical map from tlie start MAC to the end MAC 11^ not violate 
the threading condition. 

If the wrappeci nodes happen lo be twisted as well then it is 
difficuh to use the solution just described for the wTapped 
dual ring. lypicaJly rings have most if not all of their Mj\Cs 
on the [irimary ring. Gi\en tliis knowledge, wc* need to 
choose a start M\C that lollow'S the threading conditiont 
that is. there is a physical link to the next upstreatn node. 
Tliis can be done by traversing I he logical map in the up- 
stream direction from each wt^ipped MAC to the other, 
counting 1 Ite MACs in hetv^^een. The start MAC chosen is the 
one that gives tlie higher count. 

MACIess Nodes, These jiocies pose an especially difficult 
prot)leni iiuhe sense ibat rhey t\re difficult to detect and even 
more so to liantlle. They are invisible to the logical maptang 
process ami kire therefore not rellected in the logical map. 
Tliis causes prohlems wliile tlu-eading the physical links 
especially if the MACiess node is a rooted concenti'aton 

For the sake of siniplic-ity, the ring maiiper does not handle 
MACless nodes on the backbone ring. It uses beiuistics io 
pla<*e MACless nodes rhat mv connectetl to a concentrator 
It checks the remole port, t>^>e for each active M-pf>rt of the 
concentrator and Ines to match it with the port type of jill 
nodes with one or more MACs connected to them. A mis- 
match may be an indication of the existence of a MACless 
device comiected to the concentrator, it may iUso be a result 
of improper information reported by the concentrator. 

IticomplBte Information, bark of responses from any number 
of active nodes will create a gap in our ioiowledge about the 
ring, causing problems in the threading process. These gaps 
are represented as siicli in the map. A gap in the niap exlends 
from the start of the dLscontijuiity lo the next rooted node. 

Inconsistent Information. While FDDI is wdl-defiited as a stan- 
dard, it is still maturijig as an implemented LAN technology 



and diere are a large number of semiconforming implemen- 
tations of station management currently on the market- As a 
protocol analyser vendor we need to be able to deal with 
numerous versions of FDDI products from numerous ven- 
dors. The FDDI Ring Manager apphcation is one of the first 
of Its kind tliai actively queri^ for management information 
imd pieces ii together II Is also the first to deal with the 
mynad of problems associated with improper responses. 
Out experience has been thai the informarion in MFs is 
more stable and reliable than those in SEF responses. There- 
fore, the ring mappers active mode of operation was ex- 
tended to make monitoring of NTFs optional However, this 
does not eliminate inconsisleneies, and these are handled 
much like incomplete information. 

The above problem situations get worse when several of 
them are present on the sajue ring. As discussed above, the 
piiysical n^apping process tries to isolate tlie domain of the 
prol>lem and uses gaps to signify discontimtities in ring in- 
ff irmation. Since the physical tlu-eading process starts at a 
MAC and moves upstream, a problem situation at iiny point 
m the threading process may cause a gap in infomiation 
from tlie current node to the next upstream rooted node. 

Conclusion 

The topology mapping algorithnis discussed in this m:ticle 
provide valuable topology information to the network ad- 
ministi'ator operator Being one of the eai^ly niamifactiu-ers 
to provide physical mapping capability, we had to deal vvith 
a number of problems that stemmed from incomplete imple- 
mentations of station management. By using the Interopera- 
tiility laboratory at the University of New Hampshire and 
working closely with customers early in the project, we ob- 
tained a real understanchng of FDDI networks that enabled 
us tt^ enliance tiui algodtluus to deal with problem situations, 
Tlus allowed us to deliver a prodtict that our customers 
coulfl use imder adverse conditions. Tliis is viewed as real 
value by our customers who feel that they have an ui creased 
visibility to their FDDI networks. 
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Automation of Electrical Overstress 
Characterization for Semiconductor 
Devices 



An automatic test system has been developed to characterize 
semiconductor devices and interconnect failures caused by electrical 
overstress (EOS). Electrical stress in the form of current pulses of 
increasing amplitude is applied to a device until it reaches a prespecified 
failure criterion. The system was developed for monitoring EOS 
robustness in advanced CMOS processes. 

by Carlos H, Diaz 



Sen^conductor devices have a limited ability to withstand 
electrical overstress (FjOS), Device siisceptibility lt> EOS 
increases as the device is scaled down to submicromeler 
feature sizes. At present, EOS is one of the major causes of 
IC failures. ^'"^"^^ EOS embodies a broad category of electrical 
tJireat.'s to semiconductor devices, including electromagnetic 
puJses (ExMP), elecirostalie (.Uschargc (ESD), system tran- 
sients, and hghtiiing. However, cuniitKin use ofllie fenninoi- 
ogy puts ESD in a separate category so that E(;)S jneans 
electrical overstress otiier dian ESD. We will follow this 
convention in this article. 

Electrostatic discharge occurs whenever a charged object 
is grounded, resulting in the release aird equalizalion of die 
static charge. ESD events arc generally in the submicro- 
second domain. They may occur any time an IC chip is 
touched by hunran hands, liel<i wilh metal tweezers, or con- 
tacted by a gromided metal ofjject such as when the devices 
shde down plastic tubes in a test engineertrig environment 
and an IC^ s comer piris come into contact with the groimderl 
metal rails. 

EOS events, on the other hand, may last several microsec- 
onds or evei\ milhseconds and m"e commonly associated 
with oven'oltage and transient spikes under IC test condi- 
tions or in IC applications such as in system boards. 

At die chip level, ESD damage can cause increased leakage 
at the I/O pins, increased stantlby current, or in extreme 
cases, full cu'cuit faihrre. Failures can occur at the board 
turd system levels as well. IC pin t allures can range from 
very small melted fdaments at the Jmrctiorrs to gross damage 
at the pin site. 

The i)hysieal effects of ESD and EOS on IC's ran be catego- 
rized as thennahy induced or electric field induced failures. 
Among the theniially induced failme mecharrisms are drairr 
ji[nction damage with melted filaments, polysihron gate 
frhiments, contact metal bmiiout, arrd frrsed metallization. 
Topical Qekl irrduced ESD-related faQm'e mechanisms are 
dielectric l>reakdown (gate ojdde nrptirre) aird latent hot- 
carrier damage. 



Usually, the damage signature indicates whether a failure 
w^as ESD-related or EOS-related. hi general, ESD-relatpd 
damage is associated with smah failure sites — for example, 
oxide pinholes, polysihcon filaments, or j miction deforma- 
tion occurring preferentially at diffusion comers. 

FjOS damage, on the other hand, can be qirite fbrastic and 
cover most of tlie aiea around the [An, This kind of damage 
is commonly caused by long-lasling ( > 1 ^is) conditions for 
which tlie device failure (generally associated with t hernial 
nmaway) happens eariy d unrig \he stress event. Thus, what 
w^as probably a small failure site Just after the onset of tlier- 
inal nmaway invariably groAvs in size as a result of tiie addi- 
tional energy delivered to the structure during tiie rest of the 
stress event. 

Regardless of whether stress events ar'e ESD-related or 
EOS-related, the failure sites are in general confmed to the 
protection circuits. However for certain tyties of ESD tmd 
EOS events, the protection devices or the coordination 
among the protection stnrcturos witlun an IC may prove to 
be ineffective, ui which case ftiilure sites will also be found 
in the internal circuitry. 

ESD Test Methods 

Currentlyj the most commonly used models for describing 
various categories of ESD pulses that affect ICs during han- 
dling are the huiuaJi body model, the luacliine model and 
the charged -de vice niodel^'^'^ The basic mottel for ESD pro- 
tection Ls tlie human body model [HBM), intended to r^epre- 
sent the ESD caused by human handling of ICs. The HBM 
equivtdent circuit is shown m Fig. la. The lOO-pF capacitor 
is charged with a Ingh-voltage siippJy and then <:lischarged 
ihrongb a 1.5-kilolim resistor onto the pin under test. ESD- 
HBM is the nios! widely lised method of qualifying the ESD 
perform arice of on-chip protection circuits and is standard- 
ized.^ Typically, HBM events oc!cru" at 2 to 4 kilo volts in the 
fleld, so protection levels in tliis range ar'e necessary. 

Contact with machines is also an ESD-type stress event. The 
ESD niachuie model (MM) is intended to inodel the ESD 
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Fig. 1 . Equivalent rireuits of f^lff'trusradr dis^i^arge (ESD) JticwJels. 
(a) Hiijimjt body nujtiel (KSD-HBSi^j. (IjJ Mattdiie model CESD^M^D. 
(cj Charged-d^ice model (ESD-CDM). 

pi'oduced by a charged object making contact with ICs dur- 
ing dcvicT htiTuling. asHCMnlily. c^r testing. ESD-MM testcre 
deliver damped, oscillating. ItS-MIIz stress ciutctUs (first 
peak vaJue in the order of 7A when the 20l)-pF capacitor is 
precharged to 400V) to the device imder test.^' A schetnatie 
representation of an ESD-MM aWi^m tester is shown in Fig. 
lb. In ct)nlnisr to (lu^ ESD-llliM irst iiu-Uuxl I here is no 
uniqne definition of the T^SD-MM metlu>d. 

The ESD ctiarged-de\1ce model (CDM) (Fig. Ic) Is intended 
to model the discharge of a packtiged IC\ Charges can be 
placed on an IC eitJicr during the asseml>ly process or on tlit- 
shjpi>big ndjes.*^ ESD-CDM testct*s cleciricallv charge the de- 
vice imder tesi (DtTT) ajid Ihni disch^U'ge it to ground, thus 
providing a high-current, slum -tlu rat ion (G-ns) puLse to tlie 
device under test As in the ESD-MM case, there is no indus- 
try a^p-eement on the ESD-CDM test method si^eciilcal ions, 

EOS %st 

The EOS test is more compiii-ateti l>ecaus4? of ihe wide 
spectrum of electrical t^hanicteri sties of the stress events to 
wliich an IC may he subi(Hi*^d in lis lifetime.^ Cunently, tliere 
exist no EOS stanriards (m' quantitative EOS design objet^- 
tives, thus limiting or delaying the designers attention to the 
EOS problem. Constant -cnuien I pulses are commonly iLsed 
for EOS testing.-'^'^ Such Ef )S stressing is easy to generate 
consisicntly and is also amenable to sunple analysis. For 
tbemudly induced failures, failure tinTsholds for any stress 
waveform can, in priiTciple, be obuiined from tin* failure 
ttoe.^bold derived tinder puLse-stress conditions and given in 
tenns (d' the niationshi]) of currcnl 4 tj- failure It and time-to- 
failnre tf. Forexamjile, constinn-<'urr<'nt ptil.ses kLstiug 100 
l:o 250 ns are used to study sccond-ljrcakdtjwn idienomena 
in NMOS devices. The faihire current levels measured using 



iliese shon [lulses are treated as predictors of the HBM-ESD 

fai lure t hreshol dsJ^ 

NMOS IVansistor 

The most contnionly investigated and well-understood ESD 
phenomenon is tiie ESD behavior of an XMOS transistor. 
Consider ihe operation of an NMoS device nnrlt^r high- 
current conditions. The basic I-\' characteristics are shov^-n 
in Fig. 2 for the gate and substrate lied to ^ound. Here V^| is 
the drain junction breakdown voltage. Holes from the drain 
impact ionization process are u\jected into the substrate, 
increasing tire substrate potential near the source junction. 
VV'hen enough hole iryeetion is present, the source jimciion 
I>ecomes forward-biased and the parasiiie n-p-n bipolar tran- 
sistor enters acti^'e mode an<l c^atises the snapback phenom- 
enon. Diuing an ESD or EOS event, the tlevii'e operates pri- 
marily m tlie snapback mocte. The device tenninal voltage is 
detemiined by the sitapback voltage V^^p. the contact rests- 
tances. and the level of device self-beating. At high stress 
lev^els. the device could go uito second breakdown, the re- 
gion where the device temperature has incrcasefl to such a 
level that tliemial carrier generation is high enougti to don\i- 
nate the conduction process. Second breakdown is a posi- 
tive feedback process that causes device failure because of 
current localization. The cunent lev-el at vvhich the device 
undergoes second breakdov\Ti (ly^) is used as a predictor of 
the device s current-hajuUuig capabilities mider ESD evenis. 

The test system introduced here is designed to detennine 
tliis kind of transient 1-V characteristic for devices at both 
the wafer and package levels. It is an EOS test en that is, it 
appbes conslant-cnnent pulses to the Dt 'T The ESD perfor- 
mance of tlu^ DV7 is infened froni the EOS test results. The 
advantage of this approai^li is thai the EOS test t^an be ap- 
[jlied at the wafer level white direct ESD tests cannot be 
applied at the wafer levei. 

Test System Description 

In the EiJS test syslcni, stress current pulses are generated 
using a high-power [.nilse generator or a trimsmission line 
system. The HF-IB-progranunahlc MP8114A pulsi^ gcmMattjr 
is used in deliver current t)ulses of up to LA. amplittulc and 
50-ns-to-l-s pulse width. For subniicrosecond pulses higher 
than lA. a <'oaxial cable charged to a iTlgli voirage is ijserl iis 
Ihe stress source/- Tlie length of Ihf^ coiixial cable determiJies 
the pulse width at the device un<lcj^ test. To avoid reflections, 
Ihe line is terminated by a oO-olun resist.or at ti)e near end. 
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Fig, 3, Basic stress source configu ration. Tlie soiu'tje is aii IIP 81 14A 
pi lis p generator ftir cruiTf^nt pulses up to 2A arid a roasial cable 
charged lo a high voka^c for pulses groat f^r thait 2 A, 

Additionally, it) eliminates the effpcts of Dl -T i impedance \'ari- 
atloiiH ajul to increase stability in the negati%'e differeiiiial 
region, a 100-tr>5fJ0-oliin series resistance is used. The basic 
stress setup is shoi\Ti in Fig. 3. 

Fig. 4 is a schematic of the autonialed tes( system. The main 
components are the si ress sources described above, a real- 
time liigh-speed digital .storage oscilloycf>i>e (HP 54720A), a 
sejniconductor paiameter analyzer {UP 4142A). a switch 
raalrix conlxol unit (IIP 7500Q VKl niainfran^e with a Forin-C 
switch hoard), and a workstation riuining the HP rC-C'AP 
circuit and device modeling softwaie package. 

New IC-CAF instrument drivers, written in 0+ usirig ihe 
ICX'Al' open mea^surement interface, were de veto perl for 
the HP 81 14A pulse generaior, the Beitan 225 liigh-voltage 



power supply, and the IIP 5-172QA di^ntai oscilloscope. The 
HP 7500(1 VXI mainframe and its switch board cannot be 
niadt* 1C-(\'\P inslrtrmenls because of their special address- 
ing protocol. Tu uvercoine this limitation, C routines were 
written to perform basic interface and control functions. 
These C routines are avjiilable to the instnmient drivers, and 
are also available tus c^iminantl lint- functirms. Fig, 5 illustrates 
the lOCAP instnmient option lat>leB for these instnmients. 
These tallies provide the user wiili some of the most fre- 
quently used instrument feafui'es. For example, the user can 
choose eilJier real-time or t^qujvalent time acquisition mode 
and the sampling rate of the 1 IP 54720A. Foj ifie HP 81 14A 
pulse generator, the pulse count, trigger mode, ouipul im- 
pedance, and other feature.s can bc^ specified. The t^Jtion 
tables for the pulse generator and tlie high-voltage power 
supply contain iields that specify the base addresses of the 
switcbes that isolate the source froni the test system (if the 
system is conOgured without the VXI mainframe, these in- 
sinmients c^m still be used Ijy settuig tjie t^rlttiaiy address of 
the switch iields to mi illegal viilue such as 32), 

Fig. 6 shows the IC-CAP wkidow for a typical pulse stress 
measmement. Once the IC-CxAP mr jdel variables for the 
pulse tmiplitude and widtli and tlie time-sweej) wiiulow are 
deOned, the execution of the measui'enient conrrnand on tlie 
IC'-CAP pull-tl<iwn menu causes the device to be stressed 
and die corresponrling current m\d voltage waveforms to be 
recorded. Fig. 7 shows such waveforms for a low- voltage 
sOicon contiolled rectllier used as on-chip ESD protecdon in 
a sutinucrometer CMt^S process. After stressing, tiie user can 
perform HP 4142A measurements and compare the results 
Willi pre stress data to deternune it lite device has been 
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Fig* 5, IC-CAlMiistrumein option 
tables for tlit* piilBe geiit^rtilor aJid 
oscilloscope. 



degi'^tidcd by the stress event. Test automation to e%'aiiiatc 
de%ice failure thresholds is then a simpte task of interleaving 
stress and device pjirameter itiejisuremeiits m a reijeiitive 
fashion. 

Test programs are written as IC'-CAP macros for character- 
ization of second-breakdown phenomena in semicontluclor 
devices and for pulsed electroitiigration of interconnect 



lines in iC processes. Another test macro was wiitten lo 
measure time-dependent dielectric breakdown (TI)DB ) for 
CMOS gate oxides. These IC-CAP macros deteniune tlie test 
conditions and Dl'T infoniiaiion, roordijiaie the siress aiid 
measurenient s<Hjupnces. and generate die* test reports. A 
topical report generated by a test niarro for a pajticular 
l>atc*h is slioiAii in F^g. B. Each line in the device* data is the 
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^ 20,0 




Fig* 7, Cmrertl and voltage wavelbmis recorded ill a stress test of ii 
low-Voltage silieoti controlled recliiier used aa on-^Mp ESD protection 
in a CMOS process, 

resiill of a n measure merit taken afler tlelivcring a single pulse 
to tJie device aiitl siibsequenl ineasurenieivl of the de\dce 
lealcage as a failure condition. From this data, the de\ice 
transient 1-V chamct eristic can be jeeortsmicted. This is 
shoTAii in Fig. 9 for an NMOS device in a suhaUcro meter 
technology. Test files contaiiiing raw test daia, like the one 
shov^n in Fig, S, can be post|:)rocessed and fed into a database 
and data analysis package soch as S-Plus. De\iee e lectio- 
thennctl mode] paranieters can be extracted in IC-CAP and 
ted to eirciiiMevel elt^rtnjiheniuil sininlaloni such as iETSIM^'^ 
tJiat are capable of modeling device behavior up to ttie onset 
of second breakdown. 

AiTOther IC-CAP test macro was developt^i io detemiine tlie 
maxhnuin pulsed current tieasity in iitetal lines for si\ ad- 
vanced CMOS process. Fig. 10 presents the resuit^s of this 
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Fig. 9, Pulsed l-\ cliaracleristics of a submicrometer NMOS 
trariiiistur. 

chararrenzadon for the three-level-metal system as a function 
of the stress pulse width. 

Conclusion 

An aniomated test system has been deveiopcd for the pulse 
chaiacterization of semiconduclor devices and interconnect 
metal lines in MOS processes. The system Ls built on a test 
enviromncnt based on die FIP lC-C\iAP circuit and device mod- 
eling software, Instnimcut drivers were wiilten for instm- 
nienls such as the IIP 811 L\ pulse generator, the HT^ 54720A 
digital storage t^sciiloscope, ni\d the Bertan 225 Mgh-voltage 
power supply. The drivers and the lC-Ci\P cn\iroimient 
were supplemented with atklilional V routines that, at the 
discretion of die user, enable die IC-CAP open measurement 
interface to indirectiy control a switch matrix in the HP 
75(100 VXI mainframe system, Tlie test system is ciUTently 
used by rhe HP Integrated Circuit Business Division s "IVch- 
nology fJevelopinent Center as a tool m the development of 
CMOS pi-ocesses virith budt-in EOS/ESD robustness. 
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Fig. 8, T:vpical report generated by tke test macro for a particular 
batch of deviees under test. 



Fig, 10. Pulscfi failure ("urreiit per iiucronieter width in metal lijies 
for an advanced three-levetntetal CMOS process. 
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Clara Technology Center He designed the VEIM cir- 
cuit for the HP 9493 A LSI test system. Dave is now 
self-empEoyed. His outside interests incfude ballroom 
dancing and investing in real estate and stocks. 

Akito Kishida 

fl&D engineer AJciloKishf da 
joined HP's Hachioji Semi- 
conductor Test Division in 
1 985 He contributed to the 
design of the pin board for 
the HP 949 3A LSI test sys- 
tem. Previously, he worked 
on power supply system 
design and noise control 
management for the HP 948DA LSI test system and 
on system management for the HP 9491 A LSI test 
system Currently, he's on a paramebic tester devel- 
opment team. Akito was born m Osaka. Japan and 
attended Waseda University, from which he received 
a BSEE degree m electncal engineering in 1985. He is 
marned and his hobbies include basketball, skiing, 
and travel. 

Kenji Kinsho 

^^^^^ ^ ^n i i l^i ris ho completed 

^^^^^^ work for h es deg ree i n e lec- 
^P^^^B frical engineering from Do- 
^^•"\ -^ sliisha University m 19B8 
" ^ ^ -ini joined VHP in 1399. 

' ,::w an R&D engineer at the 
I -i^chioji Semiconductor Test 
l.'i vision., he contributed to 
the design of the pin board 
module for the HP 949 3 A LSI test system Earlier, he 
worked on the test head for the HP 949D Series of LSI 
test systems. Kenji was born in Kyoto, His outside 
interests include tennis and go It 
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51 ProgranifTiabte Delay Vernier 

Masaharu Goto 

A senfor engineer anhe 
Hacliiaji Semiconductor Test 
Division, Masatiaru Goto 
joined HP in 1985. He was 
B design engineer for the 
ACCEL2 CMOS VLSI chip 
and for the timing vector 
generator maduie for the HP 
9493A LSf test system. This 
work has resulted in siK patents, Bdoro his involve- 
ment with the HP 9493A pfDJeci he contributed to 
the devetopmenL of the HP 414ZB modular rfc source/ 
monfton Currently, he s a project leader for a next- 
generation timing vector generator. Masaharu's BSEE 
degree was awarded in 1935 by the Tokyo Institute of 
Technology His professaonaj interests include soft- 
ware and design tools; he's the author af a C/C-^+ 
interpreter that he distrrbutes free. He's married, has 
one daughter, and likes playing jazz and classical 
gujtar 

James 0. Barnes 

^T^^' ^ f*^ Jim Barnes is an IC design 

J j^^PV^ ' specialist and has been with 
JJlJ tIP^^'^ HP since 1979 He contrib' 
, _ uted to the development of 

"> ^V^)^^2| the time verniers for the HP 
9k i j qj^p ^ |Q 9493A LSi test system, On 
^ . .U^^Bptel P^ ^t proj ects . h e wo rk ed o n 
WJBt ' 7^ NMOS III process develop- 
™^^"^*' ' ment and promated his divi- 
sion's, IC design and process services within HR More 
recently, he helped to design ten different ICs for 
computers, oscilloscopes, testers, and other products. 
He's named as an inventor in two patents covering 
ACCEL2 delay Eime technology and has written one 
previous HP Joornal article and five scientific papers 
on solid-state physics and environmental sensors. 
He's corrently a member of the technical staff at the 
Integrated Circuits Business Division. Jinn was born 
in Chicago and attended the University of lllinots. 
from which he received a BSc degree in engineering 
physics in 19B2. He continued his studies at Carnegie- 
Mellon University, receiving MSc and PhD degrees in 
physics in 1968 and 1974. He taught electronics 
classes and did research on environ mental sensgrs a! 
Carnegie-MeilDn before joining HP Hes married, has 
three chiMran, and enjoys soccer, snftball, and running, 

Rannte E. Owens 

A design engineer at the 
Integrated Circuits Business 
Division. Ronnie Dwerrs was 
born in Port Arthur, Texas. 
He received a BSEE degree 
from Larmar University in 
1979, an MSEE degree from 
Colorado State University at 
Fort Collins in 1983, and a 
PhD degree m electrical engmeenng from ttie same 
university in 1988. Before joining HP in 1992, he was 
an assistant professor at CI em son Universfty. Earlier, 
he workeij on memory design at Mostek Corporation, 
He was one of the designers of the time verniers for 
the HP 3493 A and is currently involved in CMOS IC 
design for future products Ronnie is married and has 




a son and daughter He Is a Cub Scout leader and likes 
playing guitar, Singing^ wnodworking, and backpacking. 

59 Real-Time Digital Sigiral 

Processing 



Keita Gunir 

With HP since IBBZ. Keita 
G:jnji is an R&D engineer at 
the Hachioji Semiconductor 
Test Division, He led the 
Tnam that developed the 
real-time digital signal pro- 
■j^'^l^^^^i""-^ cessmg subsystem for the 
^^ ^P^.* HP 94g3A LSI test system. 

On earlier pfojects, he devel- 
oped system software for the HP 4062 A semiconductor 
test system and firmware and hardware tor the HP 
4142A/B modular dc source/monitor. He has also 
contributed to the development of software and hard- 
ware for several products in the HP 949C series of LSI 
test systems His work on a data transfer system for 
digital signal processing and on an apparatus and 
method for lestmg electronic devices has resulted in 
two patents. Keita was born in Iwaki, Fukushima, 
Japan and was awarded a BS degree in physics by 
Tsukuba University in 19B2. He's marned, has one 
child^ and enjoys hang gliding and drawing. 





84 Vector Error Testing 



Kojj Karube 

Senior application engineer 
Koji Karube received a BS 
degree in applied physics 
"^i.^ 'JJB from the Science University 
uf Tokyo in 1385 and joined 
YHPthe same year He's 
now at the Hachioji Semi- 
conductor Test Division, He 
developed the time mea- 
surement module for the HP 94aOA LSI test system 
and has been an application engineer for eight years 
for the HP 9480 and HP 948D Series test systems, 
including the HP 9493 A. He's respunsihle for develop- 
ing test technofogy for next-generatjon mixed-signal 
devices using the HP 9490 Series systems. He's the 
author o^ a conference paper on advanced miJced-sig- 
nal testing and is a member of the Institute of Elec- 
tronics, Information, and Communication Engineers. 
Koji was born in Hokkaido, Japan, is married, and has 
3 daughter and son. He enjoys spending time with his 
children, pfaying video games and visiting a local 
amusement park and restaurants. 




67 High-Frequency Impedance 
Analyzer 



TakanQfi Yanekura 

Taka Yonekura is a native 
of Kagoshima. Japan and a 
19B4 graduate of Kyoto 
' !ni versify, from which he 
•irned a master's degree in 
tJKCtronics engineering. He 
■Dined YHPthe same year 
and iS now a project team 
leader at the Kobe Instru- 
ment Division. In the earlier part of his career as an 
analog hardware engineer, he contributed to the de- 
velopment of the HP 4278A capacitance meter, the 
HP 4279A C-V meter, and the HP 4284A/B5A preci^ 
sion LCB meters, He was a project subleader for the 
HP 4291 A RF impedance/material analyzer. He's the 
author of two technical papers Taka is married, has 
one son, and enioys tennis, skiing, and other sports. 

75 Virtual Remote 



Hamish Butler 

Hamish Butler is an 
encfineerinp team leader at 
hi s Q u ee n sf e rry Tel e corn m u- 
i.ications Operation and has 
been with HP smce 1988. He 
managed the project that 
developed HP's Virtual 
Remote msirument applica- 
tion from a prototype to a 
full product. He's currently responsible for the common 
firmware group at his division, which supplies a firm- 
ware platfomfi based on software reuse for instrument 
products. Earlier, he developed finmware for the HP 
377Q4A SONET test set. Hamish was born in Leeds, 
England and grew up in Aberdeen, Scotland. He com- 
pleted work for a BSc degree in electronic engineering 
jn 1984 from Robert Gordons Institute of Technology 
and for an MSc degree in digital systems engineering 
in 1993 from Herriot Watt University, Before joining 
HP he worked at UDI Group, where he developed 
soft^-vare and firmware for sonar equipment. He's a 
member of the IEEE and the IEEE Computer Society 
and is an associate of the lEE. Hamish is married and 
likes skiing, golf, tennis, and travel. 

83 Frame Relay Testing 



Martin Dubuc 

^ ^^^^^ is f re I eav in g HP recent I y^ 

' ^^^^^k Martin Dut]uc was a soft- 

vire designer at the HP 
"'[Q toco I Test Center and had 
neen with HPsince 1991. He 
--ntributed to the imple- 
-entstion of a set of supple- 
> . 'nentarv se rvices le st sof t- 
■ "* ware for National ISDN-t 
UiaL runs en ihe HP PI'SOO protocol analyzer He also 
served as team leader for \he ISDN VN3 and frame 
relay conformance test products and was an active 
member of the ACT-Erame Belay committee. Martin 
was bom in Montreal. Canada, He attended University 
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f^ Montr^ wtiefe he recerved a BS degree in com- 
piler soence and nBthemattcs in 1B3S and m MS 
degree m campifter science in 19S2 Martin and hts 
wife are parents of a son and a dm^hm He ^jovs 
family lite, reading, ml persofial OHiipiitir^. 

88 FODI Ring Manager ^"^ 

Surtil Bhat 

Author's thogfapitv spiieaTS etsewti^E In this section 

Robevt H Krobotti 

Bob Krabotti received BA 
and MS degrees Jn computer 
science from ihe University 
of TennessBB In 1985 and 

1987. An R&D engineer at 
the Network Test Dtvision 
since 1987. he's contributed 
to ttiE design of the HP 
4954 A WAW protocal ana^ 
lyzer and the faken-ring, Ethernet, and FODI Network 
Advtsor pfodycts He designed the genera I -purpose 
environmeni for the FDD I Ring Manager application 
He's a iiative of Pittsburgh, Pennsylvania arrd served 
three years in the US Army, 

Anne L Driesbach 

Anne Dneshach joined the 
Electronic Design Divisian in 
1 B85 and is now a learning 
products engineer at !he 
Network Test Division. At 
the Electronic Destgn Divl- 
-■■inR, she was a technical 

nport engineer for the HP 
ubtsign Capture System As 
the learning products engineer for the FDDi Ring 
Manager, she was res pons ihfe tor users manuals, 
online help descriptions, and qoality assurance test- 
ir^g. She's currently developing hypertext online help 
descriptions for a new product She's the author of a 
trade magazine article on FDDI. Anne was born jn 
Sandpoint, Idaho and attended the University of 
Idaho at f^oscow. from which she received a BS 
degree m computer science m 1985 She is an avid 
iogger and crossword puzzle fan. 




corrxnentatixs, and networlc stimmafy statistics He 
W3S responsible for an^itectpg arid rfeveJoping the 
FDDI Ring Manager and worked with o^tomers during 
the d^elopment peritxl Hes the author of a trade 
nfiapiine ^ic^e ort FODI and a previous HP Joamal 
article on the HP Metwork Advisor. Syml is married 
mtd enjoys hikma and musjc 

106 Electricdi Overstress 
Characterization 



Process development 
gineer Carlos Oiai joined 
;e Integrated Circuits Busi- 
ness Di vis ton in 1993. the 
=ame year he received his 

D degree m electrical 
cFigineering from the Uni- 
versity of Illinois at Urbana- 
Champaign His earlier uni- 
versity work was done at the University of Los Andes 
in Bogota, Colombia, from which he received a BS 
degree in electrical engineering irr 1983, a BS degree 
Jn physics in 1984, and an MS degree in electrical 
engineering in 1985 He is named as inventor or co- 
inventor in four patent applicatjons for on-chip EOS 
and ESD protection strategies. He currently works on 
optimization of submicromeier CMOS processes for 
built-in EOS and ESD reh ability. Before jommg HP he 
was a reliability engineer at National Semiconductor 
and Texas Instruments. He also worked with the Uni- 
versity of los Andes and the Colombian government 
from 1986 to 1989. Carlos has published 1 5 papers in 
technical journals and conference proceedings. He 
also recently wrote a hook on modeling and simula- 
tion of EOS in ICs He's a member of the IEEE and the 
Asociaciiin Colombian a de Ingenieros Eleciricos, 
Mec^nicos. y Afines 




97 FDDI Topology Mapping 



Sunil 8hat 

UntH his recent departure 

• from HP, Sunt I Bhat was an 

fi&D design engineer at the 
Metwo^k Test Division. Sun if 
was born in Man gal ore, 
Kamataka, India and received 
a bachelor's degree in com- 
-^ puter SCI encB and eng i neer^ 
' -^^^ ing from the I nd ian I nst 1 1 ut e 
of Technology in 1987 He continued his traimng at 
Iowa State University, from which he received an MS 
degree in computer science in 1999. He joined HP the 
same year and was a member of the original design 
team lor the HP 49B0 Series Network Advisor product 
line. He also developed several applications for the 
Netv^rtirk Advisor products, including a traffic generator, 
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